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Abstract
The term "topological insulator" (TI) represents a novel class of compounds which
are insulating in the bulk, but simultaneously and unavoidably have a metallic
surface. The reason for this is the non-trivial band topology, arising from particular
band inversions and the spin-orbit interaction, of the bulk. These topologically
protected metallic surface states are characterized by massless Dirac dispersion and
locked helical spin polarization, leading to forbidden back-scattering with robustness
against disorder. Based on the extraordinary features of the topological insulators an
abundance of new phenomena and many exciting experiments have been proposed
by theoreticians, but still await their experimental verification, not to mention their
implementation into applications, e.g. the creation of Majorana fermions, advanced
spintronics, or the realization of quantum computers.
In this perspective, the 3DTIs Bi2Te3 and Bi2Se3 gained a lot of interest due to
their relatively simple electronic band structure, having only a single Dirac cone
at the surface. Furthermore, they exhibit an appreciable bulk band gap of up to
≈ 0.3 eV, making room temperature applications feasible. Yet, the execution of these
proposals remains an enormous experimental challenge. The main obstacle, which
thus far hampered the electrical characterization of topological surface states via
transport experiments, is the residual extrinsic conductivity arising from the pres-
ence of defects and impurities in their bulk, as well as the contamination of the
surface due to exposure to air.
This thesis is part of the actual effort in improving sample quality to achieve
bulk-insulating Bi2Te3 films and study of their electrical properties under controlled
conditions. Furthermore, appropriate capping materials preserving the electronic
features under ambient atmosphere shall be identified to facilitate more sophisti-
cated ex situ experiments.
Bi2Te3 thin films were fabricated by molecular beam epitaxy (MBE). It could be
shown that, by optimizing the growth conditions, it is indeed possible to obtain
consistently bulk-insulating and single-domain TI films. Hereby, the key factor is to
supply the elements with a Te/Bi ratio of ∼ 8, while achieving a full distillation of
the Te, and the usage of substrates with negligible lattice mismatch. The optimal
MBE conditions for Bi2Te3 were found in a two-step growth procedure at substrate
temperatures of 220℃ and 250℃, respectively, and a Bi flux rate of 1Å/min. Subse-
quently, the structural characterization by high- and low-energy electron diffraction,
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photoelectron spectroscopy, and, in particular, the temperature-dependent conduc-
tivity measurements were entirely done inside the same ultra-high vacuum (UHV)
system, ensuring a reliable record of the intrinsic properties of the topological surface
states. Bi2Te3 films with thicknesses ranging from 10 to 50 quintuple layers (QL;
1QL ≈ 1 nm) were fabricated to examine, whether the conductivity is solely aris-
ing from the surface states. Angle resolved photoemission spectroscopy (ARPES)
demonstrates that the chemical potential for all these samples is located well within
the bulk band gap, and is only intersected by the topological surface states, display-
ing the characteristic linear dispersion. A metallic-like temperature dependency of
the sheet resistance is observed from the in situ transport experiments. Upon going
from 10 to 50QL the sheet resistance displays a variation by a factor 1.3 at 14K and
of 1.5 at room temperature, evidencing that the conductivity is indeed dominated
by the surface. Low charge carrier concentrations in the range of 2–4⋅1012 cm−2 with
high mobility values up to 4600 cm2/Vs could be achieved.
Furthermore, the degradation effect of air exposure on the conductance of the
Bi2Te3 films was quantified, emphasizing the necessity to protect the surface from
ambient conditions. Since the films behave inert to pure oxygen, water/moisture is
the most probable source of degeneration. Moreover, epitaxially grown elemental
tellurium was identified as a suitable capping material preserving the properties of
the intrinsically insulating Bi2Te3 films and protecting from alterations during air
exposure, facilitating well-defined and reliable ex situ experiments. These findings
serve as an ideal platform for further investigations and open the way to prepare
devices that can exploit the intrinsic features of the topological surface states.
ii
Kurzfassung
Der Begriff "Topologischer Isolator" (TI) beschreibt eine neuartige Klasse von Ver-
bindungen deren Inneres (engl. Bulk) isolierend ist, dieses Innere aber gleichzeitig
und zwangsläufig eine metallisch leitende Oberfläche aufweist. Dies ist begrün-
det in der nicht-trivialen Topologie dieser Materialien, welche durch eine spezielle
Invertierung einzelner Bänder in der Bandstruktur und der Spin-Bahn-Kopplung
im Materialinneren hervorgerufen ist. Diese topologisch geschützten, metallischen
Oberflächenzustände sind gekennzeichnet durch eine masselose Dirac Dispersion-
srelation und gekoppelte Helizität der Spinpolarisation, welche die Rückstreuung
der Ladungsträger verbietet und somit zur Stabilisierung der Zustände gegenüber
Störungen beiträgt. Auf Grundlage dieser außergewöhnlichen Merkmale haben The-
oretiker eine Fülle neuer Phänomene und spannender Experimente vorhergesagt.
Deren experimentelle Überprüfung steht jedoch noch aus, geschweige denn deren
Umsetzung in Anwendungen, wie zum Beispiel die Erzeugung von Majorana Teilchen,
fortgeschrittene Spintronik, oder die Realisierung von Quantencomputern.
Aufgrund ihrer relativ einfachen Bandstruktur, welche nur einen Dirac-Kegel an
der Oberfläche aufweist, haben die 3D TI Bi2Te3 und Bi2Se3 in den letzten Jahren
großes Interesse erlangt. Weiterhin besitzen diese Materialien eine merkliche Ban-
dlücke von bis zu ≈ 0,3 eV, welche sogar Anwendungen bei Raumtemperatur er-
möglichen könnten. Dennoch ist deren experimentelle Umsetzung nachwievor eine
enorme Herausforderung. Das Haupthindernis, welches bis jetzt insbesondere die
elektrische Charakterisierung the topologischen Oberflächenzustände behindert hat,
ist die zusätzliche Leitfähigkeit des Materialinneren, welche durch Kristalldefekte
und Beimischungen, sowie die Verunreinigung der Probenoberfläche durch Luftex-
position bedingt wird.
Die vorliegende Arbeit liefert einen Beitrag zu aktuellen den Anstrengungen in der
Verbesserung der Probenqualität der TI um die Leitfähigkeit des Materialinneren zu
unterdrücken, sowie die anschließende Untersuchung der elektrischen Eigenschaften
unter kontrollierten Bedingungen durchzuführen. Weiterhin sollen geeignete Deck-
schichten identifiziert werden, welche die besonderen elektronischen Merkmale der
TI nicht beeinflussen sowie diese gegen äußere Einflüsse schützen, und somit die
Durchführung anspruchsvoller ex situ Experimente ermöglichen können.
Die untersuchten Bi2Te3 Schichten wurden mittels Molekularstrahlepitaxie (MBE)
hergestellt. Es konnte gezeigt werden, dass es allein durch Optimierung der Wach-
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stumsbedingungen möglich ist Proben herzustellen, die gleichbleibend isolierende
Eigenschaften des TI Inneren aufweisen und Eindomänen-Ausrichtung besitzen. Die
zentralen Faktoren sind hierbei die Aufrechterhaltung eines Flussratenverhältnisses
von Te/Bi ∼ 8 der einzelnen Elemente, sowie die Wahl einer ausreichend hohen Sub-
strattemperatur, um ein vollständiges Abdampfen (Destillation) des überschüssigen
Tellur zu erreichen. Weiterhin müssen Substrate mit gut angepassten Gitterparam-
etern verwendet werden, welches bei BaF2 (111) gegeben ist.
Optimales MBE Wachstum konnte durch ein Zwei-Stufen Prozess bei Substrat-
temperaturen von 220℃ und 250℃ und einer Bi-Verdampfungsrate von 1Å/min er-
reicht werden. Die nachfolgende Charakterisierung der strukturellen Eigenschaften,
Photoelektronenspektroskopie, sowie temperaturabhängige Leitfähigkeitsmessungen
wurden alle in einem zusammenhängenden Ultrahochvakuum-System durchgeführt.
Auf diese Weise wird eine zuverlässige Erfassung der intrinsischen Eigenschaften
der TI sichergestellt. Zur Überprüfung, ob die Leitfähigkeit der Proben tatsächlich
nur durch die Oberflächenzustände hervorgerufen wird, wurden Filme mit Schicht-
dicken im Bereich von 10 bis 50 Quintupel-Lagen (QL; 1QL ≈ 1 nm) hergestellt und
charakterisiert. Winkelaufgelöste Photoelektronenspektroskopie (ARPES) belegt,
dass das chemische Potential (Fermi-Niveau) in allen Proben innerhalb der Ban-
dlücke der Bandstruktur des Materialinneren liegt und nur von den topologisch
geschützten Oberflächenzuständen gekreuzt wird, welche die charakteristische lin-
eare Dirac Dispersionsrelation aufweisen. Die temperaturabhängigen Widerstands-
messungen zeigen ein metallisches Verhalten aller Proben. Bei der Variation der
Schichtdicke von 10 zu 50QL wird eine Streuung des Flächenwiderstandes vom Fak-
tor 1,3 bei 14K und 1,5 bei Raumtemperatur beobachtet. Dies beweist, dass die
gemessene Leitfähigkeit vorrangig durch die topologisch geschützten Oberflächen-
zustände hervorgerufen wird. Eine geringe Oberflächenladungsträgerkonzentration
im Bereich von 2–4⋅1012 cm−2 und hohe Mobilitätswerte von bis zu 4600 cm2/Vs
wurden erreicht.
Weiterhin wurden die negativen Auswirkungen auf die Eigenschaften der TI durch
Luftexposition quantifiziert, welches die Notwendigkeit belegt, die Oberfläche der TI
vor Umgebungseinflüssen zu schützen. Die Proben verhalten sich inert gegenüber
reinem Sauerstoff, daher ist Wasser aus der Luftfeuchte höchstwahrscheinlich der
Hauptgrund für die beobachtbare Verschlechterung. Darüber hinaus konnte epi-
taktisch gewachsenes Tellur als geeignete Deckschicht ausfindig gemacht werden,
welches die Eigenschaften der Bi2Te3 Filme nicht beeinflusst, sowie gegen Verän-
derungen durch Luftexposition schützt. Die gewonnenen Erkenntnisse stellen eine
ideale Grundlage für weiterführende Untersuchungen dar und ebnen den Weg zur
Entwicklung von Bauelementen welche die spezifischen Besonderheiten der topolo-
gischen Oberflächenzustände.
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Introduction
Topological insulators (TIs) represent a novel state of matter discovered in con-
densed matter physics. Due to their unique properties and potential applications
in spintronic and quantum computers [1–3], they are one of the actual hot topics
in the field. A main characteristic is that a 3D topological insulator exhibits an
insulating bulk but at the same time a necessarily metallic surface. These surface
states have massless Dirac dispersion and locked helical spin polarization, prohibit-
ing back-scattering [4–7]. Whereas the band dispersion and spin polarization could
be determined from ARPES and STM [8–11], the study of the electrical transport
properties remains an enormous experimental challenge. The difficulties arise from
the fact that the bulk of presently known TI materials is not completely insulating
[12, 13].
In Bi2Te3 and Bi2Se3 TI materials, the main obstacle that thus far has hindered
conductivity measurements involving the topological surface states, is material qual-
ity as well as cleanliness of the experimental conditions [14, 15]. As the expected
surface charge carrier concentration is only of order of a few 1012 cm−2, very strict
restrictions on defect concentrations are set. For instance, for samples with thickness
in the µm range a bulk impurity concentration well below the ppm level is required
to prevent the surface transport properties getting masked by the bulk conduction.
Moreover, the amount of surface contaminants must be much less than 1% of a
monolayer. In particular, the second limitation is an important aspect for conduc-
tivity measurements, since for mounting the contacts the samples will be exposed to
air, which is known to shift the chemical upwards in energy into the bulk conduction
band [16–19].
The objective of the work is the improvement of the quality of Bi2Te3 thin films
and prevention of contamination of the sample surfaces, allowing for the reliable
characterization of their intrinsic transport properties through the topological sur-
face states. This is to be pursued through performing the MBE fabrication, the
structural characterization, the spectroscopic analysis, and in particular, the conduc-
tivity measurements entirely in situ in the same ultra-high vacuum system. Thus,
contaminations of the sample surface during the experiments can be excluded.
For this purpose an essential part of the thesis involved the instrumental devel-
opment of a setup enabling the electrical characterization of thin films in situ, i.e.
measuring the temperature dependent four-point probe conductivity under UHV
conditions. Thereby, special effort has been made to have the feasibility to carry
out transport and ARPES on one and the same sample, allowing to directly link the
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results of both methods. Although, MBE chambers are relatively often connected
to ARPES and/or STM systems [20, 21], only three other groups reported on the
possibility of performing in situ conductivity measurements on TI [22–24]. But,
to the best of our knowledge, the combination of MBE, ARPES, and conductivity
measurements in the same UHV system is unique.
The first part of the thesis gives details on the MBE growth and structural charac-
terization of the Bi2Te3 thin films. Photoelectron spectroscopy, especially ARPES,
was used to check for the desired quality of the films. Subsequently, thickness de-
pendent electrical resistance experiments were performed to verify the occurrence of
surface conduction.
The second part of the thesis deals with the influence of contaminations on the
electronic band structure, and quantifies their effect on the transport properties of
the TI. Furthermore, different capping materials (Te and BaF2) were tested with
respect to their impact on the stoichiometry and chemical potential of the Bi2Te3
films, and their suitability to protect the topological surface states against n-type
doping at ambient conditions.
Thesis structure
Chapter 1 explains the basic concepts of the non-trivial topological order of the
TIs. Furthermore, problems of the actually known TI materials are addressed. This
chapter also includes an introduction to the 3D TI bismuth chalcogenides, studied
in the thesis in the form of Bi2Te3 thin films.
Chapter 2 gives an overview of the experimental methods and techniques used to
fabricate and characterize the Bi2Te3 films. The construction and improvement steps
of the in situ transport setup and details regarding the operation are presented.
Chapter 3 is about the identification of the optimal MBE growth conditions of
Bi2Te3 on Al2O3 and BaF2 substrates, and their structural characterization.
Chapter 4 presents the results of the in situ spectroscopy and transport properties
of the grown films.
Chapter 5 investigates the influence of pure oxygen and air exposure on the TI
properties.
Chapter 6 focusses on the identification of appropriate capping materials, preserving
the topological surface states and the chemical potential, allowing for the feasibility
to perform ex situ experiments and/or sample transfer.
The thesis’ conclusion and outlook for future work is given in Chapter 7.
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1 Topological insulators
Topological insulators (TIs) represent a novel state of matter which have gained a
lot of interest in condensed matter physics [5, 25, 26]. These compounds have a bulk
band gap like ordinary insulators, but necessarily host metallic states at the surface.
However, one cannot simply view these surface states as a thin layer of a conductor
applied on an insulator. In fact, these surface states (SS) are a direct consequence
of band inversion and symmetries of the crystal structure, namely time-reversal
symmetry (TRS), in the materials bulk electronic structure. Therefore, the surface
charge carriers exhibit special characteristics, i.e. a massless Dirac dispersion and
locked helical spin polarization, that protects against back-scattering [5, 7, 10, 27–
29]. These properties make TI promising for advanced spintronic applications [2],
quantum computing, as well as for the realization of novel quantum particles [1, 3].
This chapter will give only a brief introduction of the theoretical concepts neces-
sary to understand the origin and features of the topological surface states. For a
more comprehensive, and full quantum mechanical description the reader is referred
to numerous review articles and references therein, e.g. [4, 5, 25–27, 30]. Finally,
the so-called second generation of 3DTI [31] is introduced, which are studied in this
thesis in the form of Bi2Te3 thin films.
1.1 Basic theory of topological insulators
Electronic band theory
One of the great achievements in condensed matter physics was the formulation of
the electronic band structure theory. Band structure calculations take advantage
of the translational symmetry in a crystal lattice to describe the distribution of
electronic states in terms of their crystal momentum k. Hereby, Bloch waves ψ(r),
with
ψnk(r) = expik⋅r unk(r) (1.1)
are energy eigenstates of the Bloch Hamiltonian operator Ĥ(k) in a periodic po-
tential, forming solutions of the Schrödinger equation [32]. Here, r is the position,
u(r) the periodic function of the crystal, and the discrete index n labels the band
index, since there are multiple solutions for the same k. For each band, the eigen-
values En(k) of the Hamiltonian define the dispersion relation of the electrons in
the Brillouin zone (BZ).
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Within the framework of this central concept of condensed matter physics, a more
detailed insight into the origin of macroscopically observable properties of solid state
materials was achieved. For instance, classification of materials based on the electri-
cal transport properties according to the electronic structure and occupation of the
energy bands, results in: insulators, metals, and semiconductors. Materials within
these categories are distinguished from each other by whether or not an energy gap
separates the highest occupied (valence band) from the lowest unoccupied electronic
states (conduction band). Conductors have no energy gap at the Fermi level, thus
an arbitrary small amount of energy is sufficient to excite electrons into the conduc-
tion band. In insulators, on the other hand, a energy gap of several eV separates
the valence and conduction band. Perfect semiconductors are band insulators with
a smaller gap, in addition they can become conducting by the creation of either
acceptor or donor states inside the band gap. Hereby, angle-resolved photoelectron
spectroscopy has proven to be a powerful tool to map the electronic band structure
of materials [33, 34].
Topological order
In the past, a different classification paradigm has been developed, based on the
notation of topological order [35, 36]. Topology is a branch of mathematics deal-
ing with the properties of space that are preserved under continuous deformations,
such as stretching and bending, but not tearing and glueing. Hereby, topological
invariants, so-called Chern numbers n ∈ Z, define quantities or properties which
are shared by different objects within the same topological phase but distinct from
objects belonging to another phase. In geometry this can be visualized by the dif-
ference between a sphere and a torus, which can be deformed into a drinking glass
and a coffee mug, respectively. However, it is not possible to transform a sphere into
a torus without creating a hole. The topological invariant in this case is its genus,
i.e. the number of holes in the object [37].
In band structure theory topological classes are defined by considering equivalence
classes of Ĥ(k) that can be continuously deformed into another without closing
the energy gap. In this case the topological invariant is called TKNN invariant,
named after Thouless, Kohmoto, Nightingale, and den Nijs [25, 35]. Based on this
theory, conventional band insulators, semiconductors, as well as vacuum define one
topological class (n = 0). Their band structure, and thus the energy gap, can be
transformed smoothly into each other by tuning the Bloch Hamiltonian.
Nevertheless, not all electronic states containing an energy gap are topologically
equivalent to the vacuum. A prominente counterexample is the integer quantum
Hall effect, explored 1980 by von Klitzing [38]. A strong magnetic field, applied at
low temperatures to an electron systems, confined to two dimensions, leads to the
formation of quantized Landau levels, observable in a quantized Hall conductance.
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Because of the broken time reversal symmetry, due to the magnetic field, in this
case the TKNN invariant is n = 1.
A fundamental consequence of the topological classification of a gapped band
structure is the existence of gapless conducting edge states at the interface of two
topologically distinct phases. Since the topological invariant has to change some-
where along the interface the energy gap has to vanish. Such edge states are well
known for the quantum Hall state in vacuum [39]. Moreover, these conducting states
are referred to as chiral, meaning that they propagate only in one direction along
the edge according to the direction of the magnetic field [25]. Thus, backscatter-
ing is not allowed since no states with opposite direction are available, making the
quantum Hall state insensitive to disorder.
Z2 Topological insulator
Materials now termed as topological insulators are closely related to, and based on,
the description of the quantum spin Hall effect (QSHE) [40]. Herein, spin-polarized
edge currents occur without the application of an external magnetic field. In fact,
the 2D TI is known as a quantum spin Hall insulator. The first proposal for the
existence of this state in graphene was developed in 2005 by Kane and Mele [27],
adapting an earlier model of Haldane [41]. Independently, Bernevig and Zhang pro-
posed their existence in strained 2D semiconductor systems [40]. In both models
strong spin-orbit coupling (SOC) supplies an effective magnetic field arising intrinsi-
cally from the material. Furthermore, in these systems the SOC causes an inverted
ordering of the conduction band and valence band (band inversion). Although, it
turned out that the SOC in graphene is too small to be experimentally accessible
[42, 43], the existence of the predicted QSHE in quantum well structures of the
heavy elemental CdTe/HgTe/CdTe [44] was demonstrated experimentally 2007 by
König, et al [45].
Due to the absence of an external magnetic field, the TRS in such systems is not
broken (n = 0):
E(k, ↑) = E(−k, ↓). (1.2)
However, the spin-orbit interaction allows for a different topological class for spin
1/2 particle systems, with a new Z2 invariant ν. ν can take the values ν = 0 or
ν = 1, defining a trivial or non-trivial (topological) insulator, respectively. Figure 1.1
illustrates the difference of the edge states between these two classes.
Kramers’ theorem for spin 1/2 particles (electrons) requires that states in a time-
reversal invariant system are twofold degenerate at the time-reversal invariant mo-
mentum (TRIM) points k = 0 and k = π/a (which is equivalent to k = −π/a). Away
from these special points, labeled Λsa,b in Fig. 1.1, the degeneracy is lifted by the
SOC. Trivial and non-trivial insulators can be imagined by two possible ways to
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Figure 1.1: Schematic illustrations of the surface states’ dispersion between two
surface TRIM points, Λsa and Λsb, for (a) topological trivial and (b) topological non-
trivial cases. The shaded regions represent the bulk valence and conduction bands,
respectively. To enhance the visibility of the double degeneracy at the TRIM, the
dispersions are shown from −Λsb to Λsb through Λsa. Taken from Ref. [26].
connect the TRIM points. The shaded areas in the image depict the conduction
and valence bands, respectively.
In Fig. 1.1(a) the displayed mid-gap states are a consequence of the broken trans-
lational symmetry at the crystal surface, resulting in additional solutions of the
Hamiltonian; thus, they are connected pairwise. In this case, no matter where the
Fermi energy EF is placed, it crosses the band even times (including zero). Further-
more, small perturbations of the Hamiltonian can change the dispersion relation,
or even eliminate the edge states. In contrast, in Fig. 1.1(b) the TRIM points are
connected in an alternating fashion. This ensures that the edge states cannot be
moved away from the Fermi level, making the edge states protected by TRS and
robust against perturbations. In this case, the bands intersect EF an odd number
of times. Which of these alternatives occurs depends on the topological class of the
bulk band structure. Similar to the QHE, the conducting edge states in the later
case are a consequence of the non-trivial ν = 1 band structure interfaced with the
topological trivial vacuum, since the gap in energy needs to be closed. This principle
is known as the bulk-boundary correspondence in topological phases [25].
In 2006 three groups independently expanded the topological formulation of the
QSHE in three dimensions [5, 7, 46], involving the high-symmetry points of the 3D
Brillouin zone. In fact, the term "topological insulator" was coined by Moore and
Balents in 2007, proposing TI in 3D systems with conducting surface states [7].
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Figure 1.2: Representation of the edge and surface states of topological insulators
with Dirac dispersions. (a) Schematic real-space picture of the 1D helical edge state
of a 2DTI. (b) Corresponding energy dispersion of the spin non-degenerate edge
forming a 1D Dirac cone. (c) Schematic real-space picture of the 2D helical surface
state of a 3DTI. (d) Corresponding energy dispersion of the spin non-degenerate
surface state forming a 2D Dirac cone; due to the helical spin polarization, backscat-
tering from k to −k is prohibited. Taken from Ref. [26].
Within this concept Fu and Kane [47] also showed, that when the crystal has extra
inversion symmetry
E(k, ↑) = E(−k, ↑), (1.3)
the determination of the Z2 invariant can be simplified by calculating the product
of the parities for the occupied bands at all TRIM points. A changed (or negative)
product of parities refers to a topological non-trivial phase, in other words, these
band inversions have to occur odd number of times at the TRIM points.
Based on this receipe, various materials were predicted to be topological insulators
from band structure calculations [31, 48–52]. A list of known TI materials, without
being exhaustive, is e.g. given by Ando [26].
In the time-reversal invariant systems introduced above, the edge/surface states
can be described as massless Dirac fermions, displaying a linear dispersion relation
E = ±vF ∣k∣ (Dirac dispersion), with vF being the Fermi velocity. In tree dimensions
this dispersion forms a Dirac cone, with the Dirac point located at the high sym-
metry points of the projected surface BZ [25, 26]. Fig. 1.2 illustrates the schematic
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real-space pictures of the egde/surface states and the corresponding energy disper-
sions in 2DTI (a,b) and 3DTI (c,d). In analogy to the definition of the trivial and
non-trivial edge states, only a material with an odd number of Dirac cones per BZ
is a topological insulator. In addition to their topologically non-trivial origin, the
surface states in TIs possess intriguing spin properties. TRS requires the states at
momenta k and −k to have opposite spin, leading to the situation that the spin must
rotate with the electron’s momentum k around the TRIM point oriented parallel
to the surface (Fig. 1.2 (d)), known as spin-momentum locking. As a result, elec-
trons of the topological surface states are immune to non-magnetic back-scattering
since for back-scattering the electron would need to flip its spin as well. Due to this
fact, TI surface states are "topologically protected" and hence, extremely robust
against disorder and non-magnetic impurities [25, 53]. It needs to be emphasized
that TIs are not protected against impurity or defect scattering [54]. Furthermore,
the lifted spin degeneracy causes a pair of spin-polarized states, thus, the spin states
in TI are referred to "helical spin polarized" [4]. Beside the obvious implementations
for spintronic applications [2], these special spin states are predicted to provide an
opportunity for the realization of Majorana fermions in the presence of proximity-
induced superconductivity [1].
First theoretical predictions for real 3D TI materials were made for the semicon-
ducting alloy Bi1−xSbx as well as for strained HgTe [47]. In 2008, Hsieh [55] et al.
reported the existence of an odd number of Dirac cones in Bi1−xSbx for a small
range of x (0.07 < x < 0.22), measured by angle-resolved photoemission, confirming
the 3DTI nature. However, the band structure of Bi1−xSbx is rather complex; it
consists of five Dirac cones and has only a small bulk band gap. Furthermore, alloys
tend to have impurity bands inside the bulk band gap, overlapping with the topolog-
ical non-trivial surface states. The search for TI phases in other materials resulted
in the prediction and experimental confirmation of 3D topological surface states in
the stoichiometric crystals of Sb2Te3, Bi2Se3, and Bi2Te3 [8, 9, 28, 30, 31] which
in principle can be prepared with very high purity. These materials are commonly
referred to as the second generation of 3DTI, having surface states consisting of
only a single Dirac cone centered at the Γ̄ point of the surface Brillouin zone (SBZ).
1.2 3D topological insulator materials: bismuth
chalcogenides
The bismuth chalcogenides Bi2Se3 and Bi2Te3 were predicted to be 3D TI based on
the guiding principle to search for insulators with the conduction and the valence
band having opposite parity, and a band inversion occurs when turning on spin-orbit
coupling [31]. Both compounds crystallize in tetradymite structure with the space
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Figure 1.3: Band structure of Bi2Se3. (a) Schematic diagram of the evolution from
the atomic px,y,z orbitals of Bi and Se into the conduction and valence bands of
Bi2Se3 at the Γ̄ point. The three different stages (I), (II) and (III) represent the effect
of including the chemical bonding, crystal-field splitting and spin-orbit coupling,
respectively. The blue dashed line indicates the Fermi energy. Adapted from [31].
(b) Exemplary ARPES measurement of a Bi2Se3 crystal taken along the Γ̄ − K̄
direction revealing the existence of a single Dirac cone. The Fermi level is located
in the bulk conduction band, indicating heavy n-type doping of bulk due to Se
vacancies. Adapted from Ref. [56].
group D53d (R3̄m), having five atoms in one unit cell. The materials have a layered
structure consisting of five atom layers, so-called quintuple layers (QL). Within one
QL the layers are strongly coupled, but the bonds between two QL are of the much
weaker van der Waals type. Moreover, an inversion center exists at the Te/Se site,
labeled Te2 in Fig. 1.4(a). Thus the TI prediction based on the parity analysis at
the TRIM points of the BZ, according to Fu and Kane, can be utilized. It turns out
that, on turning on SOC, the parity is changed only at the Γ point. ARPES and
STM measurements confirmed Bi2Se3 and Bi2Te3 being a 3D TI [8–11, 28].
Figure 1.3(a) schematically shows the evolution from the atomic p orbitals of Bi
and Se into the conduction and valence bands of Bi2Se3 at the Γ̄ point, providing
an illustration of the band inversion and parity exchange. The states close to the
Fermi surface are mainly determined by the Bi 6p and Se 4p orbitals, thus the effect
of s orbitals can be neglected. In the first stage (I) chemical bonding between Bi and
Se atoms within a QL is considered. The chemical bonding hybridizes these states,
pushing down all the Se states and lifting up the Bi states. These states are labeled
∣P1±x,y,z⟩, ∣P2±x,y,z⟩ and ∣P0−x,y,z⟩, the superscripts +, - indicate the parity. Upon
turning on crystal-field splitting (II) between different p orbitals, the pz orbitals are
split from the px and py orbitals, whereas the later two remain degenerate. Now,
the pz levels are those closest to the Fermi energy. Taking into account the effect of
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SOC (III), the ∣P1+z , ↑ (↓)⟩ state is pushed down and the ∣P2−z , ↑ (↓)⟩ is pushed up in
energy, as a consequence of level repulsion between e.g. ∣P +z , ↑⟩ and ∣P +x+iy, ↓⟩. If the
strength of the SOC is large enough, a reversed order of the levels (band inversion)
occurs.
In the bismut chalcogenides the bulk band gap is up to ≈ 0.3 eV, allowing these
compounds to exhibit the special surface conduction properties of topological insu-
lators even at room temperature, as temperatures of 3600K would be necessary to
thermally excite electrons directly from the valence to the conduction band. Fig-
ure 1.3(b) displays the electronic band structure of a Bi2Se3 crystal along the Γ̄− K̄
direction, measured by ARPES in the vicinity of the Fermi energy. The topologi-
cal surface states1 display a nearly ideal Dirac cone with almost linear dispersion.
Furthermore, the Dirac point, i.e. the crossing of the SS at Γ̄, is located in the bulk
band gap, making it accessible without disturbance of the bulk bands, in contrast
to Bi2Te3, where the Dirac point is buried in the valence band, see Fig. 1.4(c).
Thus, Bi2Se3 is often referred to as prototypical compound to study TI properties.
Spin-resolved ARPES experiments furthermore verified the spin polarization of the
surface states [57–59].
However, the ARPES image also directly displays the main obstacle in real TI
materials that has thus far especially hindered electrical transport experiments in-
volving only the Dirac surface states: the chemical potential is not located inside the
bulk band gap. The unavoidable presence of Se or Te vacancies and Bi–Te anti-site
defects in Bi2Se3 and Bi2Te3, respectively, formed during the crystal growth proce-
dure, render the bulk n-doped, placing the Fermi level in the bulk conduction band.
As a result of this unintentional doping, the bulk conductivity will overwhelm the
contribution of the surface states [12–14, 54, 57, 60, 61].
Nonetheless, in order to study and apply their special transport properties, con-
duction solely by the surface states needs to be achieved. This involves tuning the
Fermi level inside the bulk band gap. The particular challenge here is the very
low charge carrier concentration of the order of only a few 1012 cm−2, arising from
the topological surface states, requiring a bulk impurity concentration well below
the ppm level depending on the thickness of the material. Please refer to the last
paragraph of this chapter for the determination of these values.
An often used approach to reduce the bulk carrier density is the application of
counter doping with e.g. Ca, Sn, or Pb [9, 22, 57, 62, 63]. Although ARPES could
demonstrate the success of this method, the transport data still display bulk con-
duction or other irregular features [13, 54]. Furthermore, the disorder introduced by
1For simplicity, in the following text the term “topological surface states” or “surface states”
always denotes the non-trivial topological surface states.
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the dopants will raise scattering of the TI surface carriers and affect their transport
properties, since only back-scattering is prohibited [53, 54].
Another option to observe surface conduction is to increase the surface-to-bulk
ratio of the samples. Beside gating of mechanical exfoliated samples [64–66] or
the growth of nano-ribbons and -wires [67, 68], particularly thin films grown by
molecular beam epitaxy have proven to be very promising in the realization of
bulk-insulating TI [69–72]. In view of applications, thin films are preferable over
crystals since they can be grown and interfaced in situ, enabling the creation of
multi-layers and device structures. Nevertheless, most of the MBE thin films grown
today still exhibit a high defect/vacancy concentration. Recent work also focuses
on the fabrication of tertiary compounds, e.g. Bi2Te2Se or Bi2Se2Te, to reduce the
bulk contribution [23, 73, 74].
Nevertheless, the remaining aspect complicating the study of transport properties
of TI is the n-doping due to band bending effects upon air exposure [16–19].
Bi2Te3
Within this thesis thin films of the 3DTI Bi2Te3 were studied. Bi2Te3 is well known
as a thermoelectric material. Figure 1.4 shows the crystal structure in real (a) and
reciprocal (b) space with the projected hexagonal surface Brillouin zone (labeled
Γ̄, K̄, M̄), and the calculated band structure (projected bulk bands) (c) including
the surface states (red color). As mentioned, Bi2Te3 crystalizes in a rhombohedral
structure consisting of quintuple-layers (QL), a sequence of Te–Bi–Te–Bi–Te layers
stacked in −A −B −C −A −B −C− manner. The unit cell is build up of three QL
with a lattice constant of a=4.38Å and c=30.49Å, hence, a QL is ≈ 1 nm. Within
a QL the five layers have strong covalent bonding. Because of weak van der Waals
forces between the Te atoms of two adjacent QL, Bi2Te3 can be grown on various
substrates even with a large lattice mismatch (van der Waals epitaxy) [71, 75–80].
Furthermore, the layered system is easily cleavable in-plane [31, 78].
The size of the bulk band gap of Bi2Te3 is about 150meV. In contrast to Bi2Se3
the Dirac point is not located freely accessible inside the band gap, but buried in
the valence band. Furthermore, the dispersion of the surface states displays some
deviation from the linear approximation (inset in Fig. 1.4(c)), due to higher order
terms, causing also the so-called warping effect of Bi2Te3 [11, 26, 82].
Although at first glance Bi2Se3 seems to be much better suited to study transport
properties of the topological surface states, with its larger bulk band gap and the
freely accessible Dirac point, Bi2Te3 was selected within this work, since it has been
shown that by varying the substrate temperature Bi2Te3 can be tuned from n- to p-
type [71, 72]. Moreover, it is not absolutely necessary to tune the chemical potential
to the position of the Dirac point to observe surface conduction through the SS in
TI. Further on, Te is easier to handle for MBE growth.
9
1 Topological insulators
Figure 1.4: Structure and energy dispersion of Bi2Te3. (a) The rhombohedral crystal
structure of Bi2Te3. One quintuple layer (QL) is a stack of 5 layers with the sequence
Te–Bi–Te–Bi–Te with ≈ 1 nm. Between each other the QL are weakly coupled by
van der Waals forces. (b) First Brillouin zone (black) of Bi2Te3 and the projected
surface Brillouin zone (blue). The high symmetry points Γ, Z, K, F, and L of the BZ,
and Γ̄, K̄, and M̄ of the SBZ are marked. (c) Calculated band structure including
SOC. Blue represents the projected bulk states and red the surface states. The inset
shows a close up of the Dirac dispersion at Γ̄; in Bi2Te3 the Dirac point is buried in
the bulk valence band. Adapted from Refs. [31, 71, 81].
Estimation of the surface charge carrier concentration
Based on the band structure calculation in Fig. 1.4(c), a rough estimation of the
charge carrier concentration arising from the topological surface states can be given.
The surface states (shown in red) intersect the Fermi level at about 0.1 of the dis-
tance Γ̄− K̄ and Γ̄−M̄ , respectively, thus the Fermi surface enclosed by these states
is about 1% of the entire surface Brillouin zone. In other words, there are only ≈ 0.01
"charges" per unit cell available for conduction. With typical values of the projected
surface unit cell, several 10−15 cm2, this results in a surface charge carrier concen-
tration nS in the order of only a few 1012 cm−2 for the bismuth chalcogenide based TI.
There are different methods to quantify the surface carrier densities, either directly
from Hall measurements [66, 83], through the Fermi wave vector kF determined from
Shubnikov-de Haas (SdH) oscillations [14, 60], or ARPES experiments [22, 23, 84].
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In this thesis the calculation was based on ARPES measurements, which is explained
in the following.
In general, the number of filled states N(kF ) is obtained from the k-space volume
of a single state (Brillouin zone volume) enclosed by the sphere with the radius set
by the Fermi wave vector kF . For the 2D case of the topological surface states this
is defined by
N(kF ) = 1 ⋅
1
A/(2π)2 ⋅ πk
2
F (1.4)
with A being the projected surface unit cell of the crystal in real space. The factor
of 1 accounts for the lifted spin degeneracy of the topological surface states. On the
basis of the linear dispersion relation of the Dirac fermions (Dirac cone) kF is
E(k) = ±h̵v∣k∣ (1.5)
⇒ kF =
εF
h̵vF
(1.6)
Here, vF denotes the Fermi velocity and the value for εF is determined from the
energy distance of the Fermi energy (EF ) to the Dirac point. Hence, nS = N/A, the
surface charge carrier concentration is calculated through
nS =
1
4π
ε2F
(h̵vF )2
(1.7)
The factor for the Fermi velocity h̵vF can directly be obtained from the slope of the
topological surface states in ARPES measurements.
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This chapter will give an overview of the experimental techniques and setups used
in this thesis. In the first section, the ultra high-vacuum system, which allows for
an all in situ characterization of the TI, is introduced. In the following general as-
pects of molecular beam epitaxy, thin films, and surfaces are discussed. The second
part addresses the utilized structural and spectroscopic characterization techniques,
namely in situ reflection high-energy electron refraction (RHEED), low-energy elec-
tron diffraction (LEED), and photoelectron spectroscopy (PES), as well as ex situ
x-ray diffraction (XRD) and reflectivity (XRR). The last part of this chapter focusses
on the in situ transport setup, which was build up for the electrical characterization
of TI unter controlled conditions. In addition, some details on special aspects of
substrate mounting and sample holders are given.
2.1 General layout of the UHV-system
As emphasized in the introduction, to ensure that the intrinsic properties of the topo-
logical surface states are recorded reliably, the entire process needs to be performed
in situ under UHV conditions, covering not only the fabrication, but in particular
the entire sample characterization. This requires a complex system, which allows
the application of several complementary, sometimes incompatible, tools. Figure 2.1
shows a photograph and the top view sketch of the UHV system at the Max-Planck-
Institute for Chemical Physics in Dresden. It consists of six independently working
UHV chambers with dedicated functions.
MBE The thin film growth takes place in two separate MBE chambers. MBE I is
used for the fabrication of the Bi2Te3 TI films, presented in this work. The
second one, MBE II, is used for the growth of oxides, e.g. Fe3O4 or EuO. Both
chambers are equipped with an annealing stage (for substrate preparation),
several effusion sources of the Knudsen-type, a heatable sample holder, and a
RHEED system (Staib Instrumente: EK-35). Further details on the MBE I
will be given in chapter 3.
Spectroscopy (PES) In this chamber x-ray (XPS) and angle-resolved (ARPES)
photoelectron spectroscopy are carried out. The radiation is generated by a
monochromatized Al-Kα x-ray source (1486.6 eV) and a non-monochromatized
He discharge lamp (Focus HIS 13), operating at 21.2 eV (He I) or 40.8 eV
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(He II), for XPS and ARPES, respectively. The emitted photoelectrons are
collected utilizing a VGScienta R3000 spherical analyzer. Furthermore, the
sample temperature can be controlled with a Janis Research ST-400 cryostat.
Additionally, this chamber is equipped with a LEED system (Thermo VG
Scientific T 191)
Transport (R) Details of the temperature-depended electrical resistance measure-
ment system, located in this part of the system, will be given in section 2.4 of
the current chapter.
Load Lock (LL) The original purpose of the LL is the introduction of external
samples into the UHV system. In addition, it is used for sample storage, and
capping of oxide thin films with aluminum. However, during this work the LL
was extended, such that it can host up to three different evaporation sources
to allow for the test of different capping and interface materials on Bi2Te3.
During this deposition process, the substrate/sample can not be heated.
Radial Distribution Chamber (RDC) The RDC (Prevac) is the central part of the
UHV system and connects all other chambers. This way the sample transfer
between the MBE chambers and the different characterization chambers can be
carried out without breaking the vacuum and exposing the sample to ambient
conditions.XPS/ARPES 
loadlock 
MBE-2 
MBE-1 
resistivity 
XPS/ARPES 
RDC 
MBE II 
PES 
LL 
R 
MBE I 
Figure 2.1: Photograph of the UHV system at the MPI CPfS in Dresden. The right
sketch displays an overview of the arrangement of the individual chambers, which
are all connected to the central distribution chamber (RDC) via gate valves. Please
refer to the text for the meaning of the abbreviations.
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The base pressure of the UHV-system is about ≤ 1⋅10−10 mbar, whereas the load
lock and transport chamber reach only about 2 – 3⋅10−10 mbar due to lower pumping
capacities.
2.2 Molecular beam epitaxy
The possibility to fabricate thin films had a great impact on many technological
developments, especially for electronic devices, e.g. computer chips and displays,
but also for sensors, coatings and optics. Beside applied research, thin films are of
great importance to address questions of fundamental science. In case of TI thin
films are furthermore favorable because of their increased surface-to-bulk ratio.
A versatile technique to grow epitaxial thin films of various materials is the molec-
ular beam epitaxy. In this UHV-based deposition technique, molecular/atomic
beams of the constituent elements react at the substrate surface at elevated tem-
peratures, forming ordered, crystalline layers (epitaxy). In a simple picture, MBE
growth can be described in three steps: generation of atomic/molecular beams by
thermal evaporation of solid elemental or compound materials from effusion cells,
transport of the particles to the substrate and deposition onto the substrate.
Figure 2.2: Schematic illustration of the possible surface processes of adatoms oc-
curring during MBE thin film growth. Taken from Ref. [85].
In order to preserve the beam directionality and density, the particle mean free
path needs to be larger than the distance between source and substrate; a vacuum
pressure better than 10−4 mbar already fulfills this condition [86]. However, to grow
high-purity thin films, UHV conditions in the range of 10−10 to 10−11 mbar are an es-
sential requirement to minimize the incorporation of contaminants. The preparation
under UHV conditions is moreover carried out far from thermodynamic equilibrium,
and therefore mainly determined by kinetics of the growth processes on the surface
[87]. This facilitates the preparation of compounds, whose crystal synthesis usually
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Figure 2.3: Schematic representation of the three growth modes most frequently
occurring on flat substrate surfaces. Θ denotes the degree of coverage in units of
monolayers (ML). Illustration made after Ref [90].
requires extrem condition . Furt rmore, MBE is distinguished from other vacuum
deposition techniques, e.g. pulsed laser deposition (PLD), by its highly precise con-
trol of the beam fluxes and growth conditions [88]. Yet, MBE is a very slow growth
method with typically only a few Å per minute.
Once the atoms/molecules impinge at the substrate surface, a series of several
individual surface processes can take place, determining the subsequent film growth.
These are schematically shown in Fig. 2.2. The adatom or molecule can stay at a
fixed position, or it diffuses on the surface or along/across edges and atomic steps
until it nucleates with other adatoms, or is captured at special sites such as defects
or steps. It can also desorb again [89].
Generally, the subsequent film formation can be classified by three growth modes:
Frank – van der Merve (layer–by–layer), Volmer –Weber (island) or Stranski – Kras-
tanov (layer–plus–island), these modes are illustrated in Fig. 2.3. Which growth
mode takes place is determined by the relation of the bonding strength between
the adatoms and the substrate, and among the adatoms themselves. In reality, sub-
strate temperature, flux rates, and substrate structure and morphology play a curial
role. In the layer–by–layer mode the coupling of the adatoms among each other is
stronger than of the adatoms to the substrate. Therefore, due to the mobility of
the adatoms on the surface, one monolayer is completed before the formation of the
next layer starts. This is often called two-dimensional (2D) growth, and results in
films with very smooth surfaces. In the case of a stronger bonding of the adatoms
to the substrate, the arriving atoms stick in place and the formation of small three-
dimensional clusters occurs, which nucleate in the form of islands. The third growth
mode displays a mixture of the aforementioned modes; after the deposition of a
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few monolayers the layer–by–layer growth is less favorable and islands are formed.
This turn-over is most probably induced by a disturbed monotonic decrease in the
binding energy to the substrate. Inappropriate high growth rates promote the so-
called Stranski –Krastanov growth [89]. Beside these growth modes, the so-called
step–flow growth can occur. This special form of the layer–by–layer growth can
be observed at very high substrate temperatures and is caused by terraces on the
(slightly mis-oriented) substrate. The highly mobile adatoms diffuse on a terrace
until they are adsorbed at an egde/step.
Being realized in an UHV environment, MBE has the unique advantage that the
preparation can be monitored and directly controlled in situ by surface diagnos-
tic tools such as real-time RHEED, LEED, and photoelectron spectroscopy (PES);
which will be described in the following section.
2.3 Structural and spectroscopic characterization
2.3.1 RHEED and LEED
RHEED
RHEED is a commonly used electron diffraction technique which provides infor-
mation of the surface crystal structure, the orientation of the substrate and the
growing film. Although high-energy electrons are used, due to the grazing incidence
arrangement only a small component of the electron momentum is perpendicular to
the surface. This allows for probing the surface morphology of the film as well as
the determination of the present growth mode.
The experimental geometry of RHEED is illustrated in Fig. 2.4a. Electrons,
having high energy in the range of 5 – 35 keV, incident on the sample surface at
a grazing angle of typically less than 5°. The diffraction pattern of the scattered
electrons is displayed on a fluorescent phosphor screen and recorded by a CCD
camera for further analysis.
In kinematic scattering theory, the condition for constructive interference (Laue
condition) between the wave vectors k0 and k′ of the incident and diffracted electron
beams are fulfilled if they differ by a reciprocal-lattice vector G [91].
k′ − k0 = G (2.1)
When considering only elastic scattering events, meaning that energy and mo-
mentum are conserved ∣k′∣ = ∣k0∣, the diffraction condition can be depicted in the
geometrical construction of the Ewald sphere. Due to the grazing incidence the kz
component of the momentum can be neglected and the probed volume is approxi-
mated by a two-dimensional layer. Hence, the reciprocal lattice degenerates to a set
of one-dimensional rods perpendicular to the surface, rather than spots. To meet
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(a) Sketch of the standard geometry for
RHEED. Taken from Ref. [88].
(b) Ewald sphere construction and diffrac-
tion geometry of RHEED. Intensity max-
ima on the screen correspond to projected
intersections of the Ewald sphere with the
reciprocal lattice. Taken from Ref. [91].
Figure 2.4: Illustration of the experimental geometry and formation of the RHEED
pattern.
the conditions for reflections the reciprocal rods need to intersect with the Ewald
sphere, as shown in Fig 2.4b. The intersection with the (00) rod is called specular
spot.
The high electron energy leads to an Ewald sphere much larger than the spacing
of adjacent reciprocal rods, and thus produces an almost planar cut through the first
few Brillouin zones. For a periodic and perfectly flat sample one would observe a set
of lines whose distances represent the size of the surface lattice unit cell. However, in
reality the RHEED pattern consist of sharp rods due to the finite width of the Ewald
sphere and the reciprocal lattice rods, caused by thermal vibrations and structural
imperfections, respectively [91].
As mentioned above, RHEED can provide information about the surface mor-
phology and growth mode. A streaky pattern is only observed for very smooth
single crystalline films/samples. Island growth on the surface is indicated by bright
spots, and poly-crystalline samples display rings. Faint additional streaks between
the main streaks give hint to facetting or surface reconstruction. Due to diffuse scat-
tering at rough surfaces, the background of the RHEED patterns yields additional
information on the sample quality.
Moreover, since the RHEED setup does not physically interfere with the atomic
beam, the forward scattering geometry allows for real-time measurements during
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Figure 2.5: Mechanism of the RHEED intensity oscillations during the growth of
one monolayer. Taken from Ref. [92].
the film growth. This is especially advantageous in the case of the layer–by–layer
growth. The characteristics of this growth mode is the temporal modulation of
the intensity of the specular reflection spot. These so-called RHEED oscillations
are used to determine the growth rate and thickness of the deposited material [92].
Their period corresponds to the deposition of one unit cell of the material. The ex-
act mechanism causing this oscillations is still under debate, however, in a simplified
picture they can be explained by the periodic change of the surface roughness, as
illustrated in Fig. 2.5. In the initial phase on a flat sample, the highest intensity of
the specular spot is observed due to the perfect reflectivity. As growth starts, the
new forming layer causes partially diffuse scattering of the incident beam. Thus, the
specular intensity is reduced. Half a monolayer coverage results in maximum scat-
tering and minimum reflected signal. As the coverage increases further, the islands
coalesce and the surface starts to flatten again. Finally, the specular reflectivity
recovers to its maximum value for a complete monolayer. However, several effects in
RHEED can not be explained by this simple model, like e.g. the phase dependency
of the oscillations on the angle of incidence of the electron beam or the damping
of the intensity of the specular spot with thicker films even for layer–by–layer growth.
The RHEED system used within this work is the model EK-35-R from STAIB
Instruments, operated at a filament current of 1.5A and an accelerating voltage of
17.5 keV. The development of the RHEED pattern was recorded by an analog CCD
camera and analyzed with the EE-2000 program1.
1www.ee2000.de
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LEED
In contrast to RHEED, LEED uses low energy electrons in the range of typically
30 – 500 eV. These impinge normal to the sample surface and will be detected with
a hemispherical fluorescent screen in back-scattering geometry. Due to the short
mean free path of the low energy electrons, the electrons penetration depth is only
a few Ångstroms. This makes LEED an additional surface sensitiv tool to study
the crystalline arrangement of the sample surface and sub-surface. Figure 2.6 de-
picts the experimental setup (left panel) and the Ewald construction (right panel).
Diffraction spots are observed where the Ewald sphere intersects the lattice rods
that fulfil the Laue condition [93].
Surface Analysis: The Principal Techniques 
 herausgegeben von John C. Vickerman,Ian 
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Figure 2.6: Illustration of a standard LEED setup (left) and construction of the
Ewald sphere (right, taken from Ref. [93]).
A LEED diffraction pattern contains various information about the surface crys-
tal structure and long-range ordering. The arrangement and distance of the spots
directly reflects the (reciprocal) lattice symmetry and in-plane lattice constant, re-
spectively. Similar to RHEED, the intensity, sharpness, and profile of the spots
qualitatively characterizes the crystallinity of the sample. Blurring and weakening
of the spots and a high background indicates the presence of structural defects,
domains, and/or surface imperfections [94]. By analyzing the spot intensity as a
function of incident electron energy, so-called I–V-curves, and the comparison with
theoretical curves of proposed configurations, LEED can yield accu at information
about the atomic positions within the surface unit cell.
The LEED measurements in this work were conducted with the rear-view LEED
system T191 from Thermo VG Scientific. The filament current of the electron gun
was fixed at 2.8A and the electron energy was varied between 20 and 150 eV.
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2.3.2 Photoelectron spectroscopy
Photoelectron Spectroscopy is the general term for all techniques based on the appli-
cation of the photoelectric effect, experimentally observed by Hertz and Hallwachs
in 1887/88 [95–97] und later (1905) theoretically explained by Einstein [98]. The
photoelectric effect describes the escaping process of an electron, bound to the solid
with energy Ebind, into the vacuum after irradiation with photons of a sufficient high
energy hν. The kinetic energy Ekin of the escaping electrons is given by
Ekin = hν − ∣Ebind∣ −ΦS (2.2)
Here, the materials work function ΦS defines the potential barrier at the surface
which the electrons have to overcome to escape. Typical values for metals are 4 –
5 eV. As the binding energy is a specific parameter of the elements in a compound,
PES spectra yield information about the chemical composition and valence states
of the constituents [34, 99].
Figure 2.7: Sketch of a typical photoelectron experiment and the spectrometer.
Taken from Ref. [34].
A sketch of a typical photoemission experiment is shown in Fig. 2.7. Monochrom-
atized light with energy hν impinges on the sample under the angle Ψ. The kinetic
energy Ekin of the emitted photoelectrons is detected by an electrostatic analyzer.
They can be studied as a function of the escaping angles θ and φ, which refer to
the momentum k, the electron spin σ, and/or photon energy of the light. Typical
photon sources are x-ray tubes or gas discharge lamps as laboratory sources, and
synchrotron light. Depending on the used photon energy, PES is classified in three
groups: Ultraviolet Photoelectron Spectroscopy (UPS, hν ≈ 0 − 100 eV ), x-ray Pho-
toelectron Spectroscopy (XPS, hν ≈ 100 − 2000 eV ), and HArd x-ray Photoelectron
Spectroscopy (HAXPES, hν > 2000 eV ).
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Figure 2.8: Relation between the energy levels in the solid and the electron en-
ergy distribution generated during the photoemission process upon radiation with
photons of energy hν. Taken from Ref. [100].
Figure 2.8 schematically illustrates the relation of the energy-level diagram of the
sample and the corresponding energy distribution of the measured spectrum within
the non-interacting one-electron picture. The density of states of the sample (left)
is illustrated by sharp core level lines at high binding energies Ebind and a broad
valence band, filled by electrons up to the Fermi energy EF and separated by the
sample work function ΦS from the vacuum level Ev. In the present case of a metal
the valence band is typically denoted as conduction band. At EF the binding energy
is defined to Ebind ≡ 0 eV , whereas the kinetic energy is Ekin ≡ 0 eV at the vacuum
level Ev. Thus, photoelectrons have a kinetic energy Ekin = hν − ∣Ebind∣ − ΦS. Due
to life time limitations and a finite energy resolution of the analyzer, broadening of
the core levels and valence band occurs in the measured spectrum. Furthermore,
the Fermi-edge is thermally smeared out according to the Fermi-Dirac distribution
depending on the sample temperature.
For analyzing the chemical composition and allowing a comparison of spectra
recorded at different photon excitation the Ekin are referred back to the binding
energies. Hereby, one has to take into account that the analyzer itself has a work
function ΦA as well, and ΦS is typically unknown. Since the sample and the analyzer
are on the same electrical potential (electrical connected) their Fermi levels are equal.
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This results in an additional contact potential ΦS−ΦA between analyzer and sample,
and the actually measured kinetic energy Ekin,m is:
Ekin,m = hν − ∣Ebind∣ −ΦS + (ΦS −ΦA) = hν − ∣Ebind∣ −ΦA (2.3)
By measuring the kinetic energy of the Fermi-edge of a clean metallic reference
sample, e.g. Au or Ag, the term hν − ΦA can be determined, due to the fact that
∣Ebind∣ = hν −ΦA −Ekin,m ≡ 0 eV at EF .
Figure 2.9: Kinetic energy dependence of the inelastic mean free path for excited
electrons in various elements (from Ref. [34]). The experimental data follow approx-
imately the so-called ’universal’ curve.
To estimate the probing depth in PES experiments the so-called ’universal’ curve
is often used [34]. It displays the inelastic mean free path of electrons in dependency
of their kinetic energy, see Figure 2.9. Although the correctness and universality of
the curve, especially at very low energies (< 10 eV), is doubtful, it gives sufficiently
accurate results at higher kinetic energies. For the used light sources Al-Kα x-ray
tube (1486.6 eV) and He I line (21.2 eV), the estimated probing depth of ∼ 20Å and
∼ 5Å [101], respectively, is in good agreement with the measurements. Please refer
to chapter 6 for details about the estimation of the actual probing depth.
The extensiv processes occurring in the solid during the photoemission experi-
ment need to be described within a quantum-mechanical explanation. Two common
approaches are the independent-particle model and the sudden approximation. Dis-
regarding many-body interactions is probably a reasonable approach for the system
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Figure 2.10: Illustration of the three-step and one-step model descriptions of the
photoemission process. Taken from Ref. [100].
studied in this thesis, namely the semiconductor Bi2Te3. Post-collisional processes
between the photoelectron and the system left behind, and the relaxation on the
system itself can also be neglected in view of the high kinetic energies of the pho-
toelectrons [100], and also in view of the fact that for the purpose of this the thesis
we will not look at the spectral weights but rather at the energy and momentum
positions of the spectral features, i.e. the band structure. Moreover, to interpret the
photoelectron spectra the so-called three-step model is widely used, see Fig. 2.10.
Within this simpler and more intuitive model the photoemission event is separated
in three independent steps: (1) optical excitation between the initial and final bulk
state, (2) travel of the excited electron to the sample surface, and (3) transmission
through the surface potential barrier and final escape into the vacuum. However,
from the quantum-mechanical point of view photoemission should be considered
in one-step, rather in terms of several independent processes. The so-called one-
step model is illustrated in the right panel of Fig. 2.10. Hereby, photoemission
is described in terms of an optical transition between the initial and final states
consisting of many-body wave functions that comply with appropriate boundary
conditions at the surface of the solid [100].
To gain full information about the electronic band structure and dispersion re-
lation E(k) of the material, the escaping photoelectrons need to be analyzed with
respect to their polar θ and azimuthal φ emission angles, as shown in Fig. 2.11.
These angle-resolved photoemission experiments require a special angular mode of
the hemispherical analyzer, which can resolve θ along a defined angle φ determined
by the entrance slit of the analyzer [33, 100, 103]. A very simple picture of an an-
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(a) Geometry of an ARPES experiment.
The directions of the emitted photo-
electron specifying their momenta are
determined by the polar (θ) and az-
imuthal (φ) angles.
(b) Schematic drawing of a hemispheri-
cal analyzer.
Figure 2.11: Setup for angle-resolved photoemission spectroscopy experiments.
Adapted from Ref. [100, 102].
alyzer in angular mode is illustrated in Fig. 2.11b. For detailed explanations of the
analyzer technology the reader is to referred to specialist literature, e.g. [104, 105].
By measuring the kinetic energy Ekin of photoelectrons for a given emission di-
rection their absolute momentum ∣K∣ = ∣p∣/h̵ in vacuum is completely determined
by K =
√
2mEkin/h̵. Its components parallel (K∥ = Kx + Ky) and perpendicu-
lar (K⊥ = Kz) to the sample surface are obtained with respect to θ and φ of the
experimental setup, as shown in Fig. 2.11, to:
Kx =
1
h̵
√
2mEkin ⋅ sin θ ⋅ cosφ (2.4)
Ky =
1
h̵
√
2mEkin ⋅ sin θ ⋅ sinφ (2.5)
Kz =
1
h̵
√
2mEkin ⋅ cos θ. (2.6)
These equations represent the momenta K and Ekin measured in vacuum. However,
to deduce the electronic dispersion relation Ebind(k) for the solid left behind, one
has to make use of the total energy and momentum conservation laws, respectively
[34, 100]:
Ef = Ei + hν, with Ei = −Ebind = Ekin − hν +ΦS (2.7)
kf = ki +G (2.8)
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Here, the indices i and f indicate the initial and final states inside the solid, with
G the reciprocal-lattice vector. When the photoelectron is escaping to the vacuum,
the surface does not perturb the translational symmetry in the x − y plane and k∥
is conserved, resulting in
∣k∥∣ = ∣K∥∣ =
1
h̵
√
2mEkin ⋅ sin θ (2.9)
The perpendicular momentum k⊥ is not conserved, due to the abrupt potential
change along the z-axis. A common way to determine the value of k⊥ is the a priori
assumption of a nearly-free-electron dispersion for the final bulk states:
Ef(k) =
h̵2k2
2m − ∣E0∣ =
h̵2 (k2∥ + k2⊥)
2m − ∣E0∣ (2.10)
E0 corresponds to the bottom of the valence band as shown in Fig. 2.8. From Eq. 2.7
and Eq. 2.9 one obtains:
k⊥ =
1
h̵
√
2m(Ekin cos2 θ + V0) (2.11)
The inner potential V0 = ∣E0∣+ΦS, a material specific parameter, denotes the energy
of the bottom of the valence band to the vacuum level Ev, see Fig. 2.8. V0 can be
determined by optimization of the agreement between theoretical and experiments
dispersion relations, or from the experimentally observed periodicity of E(k⊥) along
the surface normal (normal emission geometry).
In particular low-dimensional systems, as it is the case for TI, are characterized
by an anisotropic electronic structure, and here particularly by a negligible dis-
persion along the surface normal. Thus, the electronic dispersion E(k) is almost
exclusively given by k∥, and can directly be determined from the measured ARPES
spectrum according to Eq. 2.9. Another benefit of the negligible k⊥ dispersion for
low-dimensional systems is the differentiation of surface states (2D) from bulk states
(3D), by using different incident photon energies [100].
Photoemission setup
The in situ photoemission experiments on Bi2Te3 thin films were performed with two
different laboratory light sources. For the XPS measurements an Al−Kα x-ray source
was used, monochromatized by a Vacuum Generators twin crystal monochromator,
at a photon energy of 1486.6 eV. The VUV -light (vacuum-ultraviolet) for ARPES
and UPS spectra was generated by a non-monochromatized Focus HIS 13 gas dis-
charge lamp operated with high purity He (6.0) gas at the He I line (21.2 eV). The
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detection of the photoelectrons was conducted by a VG Scienta R 3000 hemispher-
ical analyzer in transmission mode and angular mode, with an angle acceptance of
±10○ (A20), for XPS/UPS and ARPES measurements, respectively. Furthermore,
samples can be characterized at low temperatures with a Janis ST-400 continuous
flow cryostat, operated with liquid N2 or liquid He. All measurements presented in
the following chapters are conducted at room temperature, unless otherwise stated.
2.3.3 Ex situ x-ray diffraction
Ex situ high-resolution x-ray diffraction (HRXRD) is widely used to characterize
crystals and thin films precisely with regard to their crystal structure, lattice pa-
rameters, phases and orientation, domain formation and size, and various other
information [106]. XRD is based on the interference of x-ray waves diffracted at
the atoms of the lattice. Constructive interference, and thus reflection, is observed,
when Bragg’s Law is satisfied:
nλ = 2dhkl sin θ (2.12)
Here, λ denotes the wavelength of the monochromatized x-ray radiation, dhkl is
the distance of the lattice planes, determined by their Laue-indices (hkl), and n
(integer) denotes the observed diffraction order maximum. In order to analyze the
crystal structure θ − 2θ wide scans are performed. In this mode, the x-ray beam
incident at the angle θ with respect to the surface (lattice) plane and the intensity
of the reflected beam is detected at 2θ. These types of scans allow to identify
the composition of the sample, the crystal structure, and to determine the out-of-
plane lattice parameter. To gain information about the in-plane properties, e.g.
in-plane lattice constants, domain size, or strain, a set of grazing incidence θ − 2θ
scans at different angle ω around a in-plane reflection peak need to be performed.
Conducting a φ scan around an in-plane lattice peak (fixed θ and ω) allows to
identify the symmetry of the crystal structure, or possible domain orientation and
distribution for known symmetries. Please refer to Fig. 2.12 for the definition of the
angles.
The same equipment that is optimized for HRXRD, can furthermore be used
for x-ray reflectivity (XRR) experiments to determine the density, thickness, and
roughness of thin films [108]. At very low θ (0○ < θ < 4○) thickness fringes are created
by the interference between x-rays reflected from different surfaces. From the period
and decay rate of the fringes the thickness and long-range surface roughness can be
calculated.
HRXRD and XRR experiments were performed using a PANalytical X’Pert Pro
diffractometer. The x-rays are generated with a copper based source a the Cu-Kα
line with a wavelength λ=1.54056Å.
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Figure 2.2: Geometry of the XRD measurements.
2.3.2 XPS
X-ray photoelectron spectroscopy (XPS) is also a standard analysis tech-
nique in surface and interface physics. It can provide valuable information
about the electronic structure of the film [5]. XPS can also be used to check
the chemical composition and to determine the stoichiometry. In XPS mea-
surements the radiation is usually obtained from x-ray tubes with Mg or
Al anodes (Mg Kα – 1253.6 eV, Al Kα – 1486.6eV) [6]. Photons interact
with atoms in the surface region by photoelectric effect. A photoelectron
ejected into vacuum has a kinetic energy Ekin = hν − Eb − φs, where hν
is the energy of the incoming photon, Eb is the atomic binding energy and
φs is the sample work function. The measured photoelectron kinetic en-
ergies yield thus information about the binding energies of electrons and
allow to identify different elements in the sample. The mean free path of
the escaping electron is usually in the range of 5 – 20 Å, which makes XPS
a surface sensitive technique. A rather complete in-situ characterization of
a surface can be attained by combining XPS with either RHEED or LEED
measurements.
2.4 Ex-situ characterization
2.4.1 XRD
X-ray diffraction (XRD) is widely used for structural characterization. The
XRD measurements provide information about the long-range order in the
sample. When the incident x-ray beam is specularly reflected from a family
of lattice planes at the Bragg angle, the intensity of the scattered beam
has a sharp maximum. The interplanar distance can be determined then
Figure 2.12: Geometry of the XRD setup for thin film characterization. Taken from
Ref. [107].
2.4 In situ electrical resistance measurements
The a m of this work is the characterization of TI materials, in particular, he elec-
trical properties of the topological surface states. Whereas RHEED, LEED and
photoemission spectroscopy require clean surfac s per definition, and thus UHV
conditions, electrical transport experiments are usually performed at ambient condi-
tions. However, to link transport and RPES measurements both experiments need
to be performed under identical conditions on identical samples. This is especially
important for TIs which are extremely sensitive to any kind of surface contamina-
tion. To perform reliable te perature dependent electrical resistivity experiments
on clean TI surfaces an in situ four-point probe setup was constructed, which will
be described in the following section.
2.4.1 In situ transport setup
Figure 2.13 shows the design of the transport sample holder. The in situ electrical
contacting is realized by directly touching the thin film along the center with four
spring-loaded probes, mounted in an alumina ceramic block (blue). The probes are
placed collinear with 2mm spacing between each other; so-called in-line four-point
probe configuration [109].
The sample plate with the sample (green) is fixed via two screws to achieve a
good thermal contact. By operating the central screw the contact mechanism is
pushed down and lifted up. The springs and fitted guidance rods force a parallel
movement onto the sample without lateral scratching of the surface. Furthermore,
each contact pin is separately spring loaded, to ensure a proper electrical contact
despite thermal shrinkage while cooling down and warming up of the sample. The
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Figure 2.13: Technical drawing of the sample holder and mechanics developed for
in situ contacting of the Bi2Te3 thin films.
contact mechanism is non-permanent and removable without visible damage of the
film, allowing back-to-back testing of e.g. ARPES after the thermal cycle in the
transport chamber, or the effect of contamination on one and the same Bi2Te3 film.
To perform temperature dependent resistivity experiments, the sample holder is
attached to a Janis Research ST-400 Continuous flow cryostat. The temperature is
monitored at the cold finger of the cryostat and close to the sample position with
two Si-diodes (LakeShore DT-670A), read out with a LakeShore 331 Controller,
see Fig. 2.15. No additional heat shielding is mounted, thus the lowest reachable
temperature of the system is about 14K.
Wiring and noise reduction
Typical measured signals are in the range of a few mV (at 10µA bias current),
although these are not unusual low-level signals, several precautions with regard
to noise reduction and measurement optimization have been made, e.g. for future
experiments on different material classes, like superconductors.
At first, the sample holder is galvanically decoupled from the cryostat by a 0.5mm
thick Al2O3 disc. Thus, the sample holder can be set on a well defined, selected
potential away from the noisy common earth potential. This 5th terminal (four
terminals for voltage and current) is furthermore used to check whether the thin
film has formed an electrical connection to the sample plate during growth and, if
so, this contribution can be largely compensated by using a circuitry according to
Fig. 2.14a. In the ideal case of an isolated film, the bias current is applied to the
outer contacts IHI , ILO and the voltage drop over the film (RTI) is measured at the
inner contacts V HI , VLO. Assuming a homogeneous film and current distribution,
and a film thickness d much smaller than the lateral dimensions, the thin film sheet
resistance R◻ is calculated by:
R◻ =
π
ln 2 ⋅
V
I
⋅ FG (2.13)
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Figure 2.14: Special wiring implemented in the four-point probe transport setup to
reduce noise, ground loops, and cancel out possible parasitic resistances, e.g. in the
case of electrical connection of the film to the sample plate.
Herby, the geometrical factor FG takes into account the confinement of the current
paths due to the finite sample dimensions. For the present measurement setup,
film size ≈8×10mm2 with a probe spacing 2mm between each other, this factor is
FG ≈ 0.9 [109]. All deposited films are of identical size and geometry, thus the factor
was neglected for data analysis.
In case the film formed an electrical contact to the stainless steel sample plate,
additional parasitic resistances Rp as well as the sample plate as a parallel resistance
need to be taken into account. In the displayed setup, the current via Rp1 and Rp2
is not measured by the ammeter, furthermore VRp2 ∼ 0V . Thus, mainly the current
contributing to the voltage drop at RTI is measured, allowing a reasonable determi-
nation of the thin film resistance. Concededly, parasitic resistances as Rpx can not
be eliminated and the changed current distribution paths yield slightly different re-
sults compared to the ideal case. However, by implementing some kind of shadowing
mask at the substrate mounting step, the Bi2Te3 thin films are dependably isolated
from the sample plate, resulting in reliable sheet resistance measurements. Details
of the substrate mounting and further technical necessities are given in Sec. 2.5 of
this chapter.
Figure 2.14b shows the transfer of the five terminal wiring to the electronics
through a closed BNC interconnection box made of aluminium, suppressing exter-
nal noise. Since the UHV feedthroughs for the five terminals are single-ended against
ground, all the signals for IHI , ILO, V HI , VLO are transmitted separately via the BNC
cable cores. To allow for differential measurements, the connector box transforms
these single signals to two BNC cables, now with use of the shielding, as required by
the electronic devices. All, with exception of one, BNC sockets are electrically iso-
lated from the box, to prevent the formation of ground loops via the UHV chamber.
Only one BNC, in this case the fifth terminal (Iguard), is connected to the chassis
and thus defines the fixed potential of the box itself.
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The wiring inside the UHV chamber is carried out by twisted pair cables, for IHI ,
ILO and V HI , VLO, respectively. This method leads to a higher immunity of the
system to electric and magnetic fields, a better reduction of magnetic field emission
caused by the bias current, as well as noise reduction. The polyimide 2 coated copper
wires are anchored to the cryostat to prevent movement and cool down the cables
at the same time.
Nonetheless, these rather thick (0.5mm) copper wires still introduced a consider-
able amount of heat to the sample, as shown in part (b) of Fig. 2.15. The experiment
was conducted with a Pt-1000 sensor clued with low-outgassing epoxy3 on a MgO
substrate, placed at the sample position and contacted in situ. The cryostat was
rapidly cooled with liquid nitrogen (LN2) and the temperatures of the two diodes
and the Pt-1000 were monitored over time. The temperature at the cold finger
(blue) and sample holder (red) equalize within about 20min, however, the Pt-1000
(sample temperature, green) stabilizes at a ∼ 10K higher value. Replacing a part
of the copper wires with very thin (0.15mm) manganin wires wound several times
around the cold finger could solve this problem, see (a) and (c) of Fig. 2.15. Man-
ganin is a copper-nickel-manganese alloy with a very low thermal conductivity and
relatively high electrical resistance (at typical diameters: ∼ 100Ω/m) commonly used
in low-temperature physics. However, by use of the four-point probe method the
high resistance of the manganin wires and contact resistances do not need to be
taken into account. With the new manganin wires the sample temperature levels off
within < 1.0K of the displayed diode temperatures. By maintaining an appropriate
slow cooling speed of ∼ 1K/min, the discrepancy of the sample holder diode to the
real sample temperature is < 1.0K at all temperatures.
2.4.2 Measurement equipment and operation modes
Two different operating modes were applied for the electrical characterization of the
Bi2Te3 thin films: a DC resistance mode and an AC resistance mode with Lock-In
amplifier. The DC mode was used to verify the realization of ohmic contacts. At
the beginning this mode was also used to conduct temperature depended resistance
measurements (R◻ - T curve). Later on, the R◻ -T curves were recorded with the
Lock-In amplifier to minimize the noise and particularly the effect of thermoelectric
voltages arising from the experimental setup and the Bi2Te3 (thermoelectric mate-
rial) itself. The block diagrams for both modes are shown in Fig. 2.16. The control
of the electrical equipment and data acquisition is performed by a program written
in LabVIEW.
2Kapton R©
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Figure 2.15: In situ transport setup. (a) Photograph of the sample holder attached
to the cryostat cold finger, taken during installation into the UHV system. Improve-
ment of the reliability of the sample temperature upon replacing the copper wires
(b) by thin Manganin wires (c). The thermal conditions could be improved such
that the sample temperature is within 1.0K of the temperature displayed by the
Si-diodes.
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Figure 2.16: Block diagrams of the different resistance measurement modes used for
the electrical characterization of the Bi2Te3 thin films.
DC mode The bias current is generated by a non-commercial, voltage controlled
current source (J547, build at the University of Groningen), with a pilot volt-
age Vpilot of max.±1V. Current ranges from 10 nA to 1mA can be selected;
typically the 10µA range was used. A Keithley 2400 source-and-measurement
unit (SMU) controls and sweeps the pilot voltage Vpilot for the current source.
In this way bi-directional I - V characteristics with bias current of max.±10µA
were conducted. The voltage drop was measured by a Keithley 2000 multime-
ter.
Lock-In mode In this operation mode, Vpilot for the current source (J547) is gen-
erated by the internal reference of the Lock-In amplifier. A sine-wave voltage
of ±1Vpp at typically 19Hz was set. In the experiments a Zurich Instruments
HF2LI Lock-In was used. The differential input of the Lock-In is used for signal
acquisition from the in situ measurement system (V HI , VLO). The following
settings for signal processing were used for the digital HF2LI Lock-In: sam-
pling rate 255 Sa/s; filter settings: 3 dB cut-off frequency, bandwidth 1.01Hz,
transition steepness 48 dB/Oct.
The advantage of the Lock-In technique versus DC mode for temperature de-
pended resistance measurements is displayed in Fig. 2.17. While cooling and also
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Figure 2.17: Comparison of the R◻ -T characteristics of a Bi2Te3 film measured in
DC resistance mode (yellow) and Lock-In mode (blue). Due to thermoelectric offset
voltages arising form the transitions between different metals used for the wiring
and from the Bi2Te3 (thermoelectrics) during cooling, the resistance displays strong
variations in DC mode. The Lock-In principle (AC mode) is not susceptible to such
offset voltages.
warming up, the temperature is not homogenously distributed in the system, this
induces thermoelectric voltages at the cable transitions between different materi-
als. Furthermore, Bi2Te3 is a strong thermoelectrical material as well showing this
effect. These additional offset voltages are picked up in DC mode and cause the
strong variation seen in the R◻ -T curve (yellow curve in Fig. 2.17). In contrast, the
bias-reversal of the Lock-In technique averages out these parasitic offset voltages,
beside suppressing other noise sources as well, e.g. 1/f -noise, and thus non-disturbed
data acquisition of the temperature dependency becomes possible (blue).
2.5 Substrates and sample holders
Substrates
As substrate materials, single crystal Al2O3 (0001) (CrysTec GmbH, Berlin) and
BaF2 (111) (CRYSTAL GmbH, Berlin) were chosen. The substrates are epi-ready
polished and have a size of 10×10mm2 with 0.5mm thickness. Both substrate mate-
rials are highly insulating which is important for transport measurements. Al2O3 was
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used for the initial experiments, since it is cheap, easy to handle, and clean. Despite
the large lattice mismatch of 9% (aAl2O3 =4.785Å) to Bi2Te3 (aBi2Te3 =4.384Å), the
Bi2Te3 thin films are known to grow epitaxial by van-der-Waals epitaxy [110]. How-
ever, the film growth is marked by structural imperfections, especially multi-domain
growth. Consequently, a better lattice-matched substrate needed to be identified,
which was found in BaF2 (111). Here, the lattice mismatch is less than 0.1%, re-
sulting in single-domain films. Please refer to chapter 3 for results of the growth
procedures and mechanisms.
Prior inserting into the UHV chamber the substrates were cleaned with acetone in
an ultrasonic bath for about 5min, subsequently rinsed with isopropanol and dried
in a nitrogen gas stream. Furthermore, to remove all organic contaminations and
smooth the surface, the substrates are vacuum-annealed inside the UHV chamber
just before the thin film growth. The annealing process differs for Al2O3 and BaF2
substrates. The Al2O3 substrates were annealed for 2 hours at 600℃ in 5⋅10−7 mbar
oxygen atmosphere for an efficient removal of carbonates and to prevent oxygen
loss. In view of the fact that BaF2 can form conducting BaO at elevated tempera-
tures, the BaF2 substrates were annealed without oxygen for 1.5 hours at 450℃ and
subsequently for 30min at 500℃ [111–113]. This procedure yields sufficiently clean
substrates, as indicated by an intense RHEED pattern.
Substrate mounting and sample holders
As mentioned in section 2.4, to achieve reliable resistivity measurements, no elec-
trical contact of the thin film to the sample plate should be present. Through the
typical substrate mounting method (by spot welding of narrow stainless steel stripes
across the substrate) and subsequent film growth, this can not be guaranteed. On
the other hand, XPS and ARPES experiments require a connection to ground for
accurate operation.
The problem could be solved by modifying the substrate mounting method and
the XPS sample holder. Figure 2.18 shows the necessary modifications. Originally,
the substrate (light green area in Fig. 2.18(a)) is fixed only by two ≈ 1mm wide
stainless steel stripes (blue), spot welded on the sample plate. In the modified
method, two additional steel stripes (orange) are mounted slightly shifted to the
original ones. This way the substrate close to the fixing stripes is shadowed, and
film growth in this area is prevent. XPS/ARPES measurements are conducted by
pressing down a flexible curved stainless steel piece (red) while inserting into the
sample holder. Furthermore, a 127µm thin Au foil is placed between the substrate
and the sample plate to improve the thermal contact and temperature homogeneity
[114]. The modified XPS sample holder with the pressing mechanism in the left
top corner is shown in Figure 2.18(c). The height of this pressing mechanism is
adjustable in situ by means of a screw driver. The whole sample holder can be
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(a) (b) (c) 
Figure 2.18: Sample preparation and sample holders. (a) Sketch of the sample
mounting allowing for spectroscopy and transport measurements. The substrate
(light green) is fixed on the sample plate (grey) by two narrow stainless steel stripes
(blue). Two additional, slightly wider, stripes (orange) prevent the electrical con-
tacting of the fixation during film growth. A spring like steel pieces (red) provides
the necessary contact during the photoemission experiment. (b) Bi2Te3 film on the
MBE sample holder, the resistive heater is located directly under the sample. The
reflection of the contact spring can be seen on the mirror-like samples (right back
corner). (c) Sample holder used for XPS/ARPES measurements which is rotatable
in-plane by 360°. The mechanism at the left top corner pushes down the contact
spring.
rotated in-plane by 360○ to probe different crystallographic directions with ARPES.
Figure 2.18(b) shows a grown thin film on the sample holder in the MBE chamber.
During deposition, the flexible contact piece is retracted to allow a homogenous
deposition.
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films
A major problem of Bi2Se3 and Bi2Te3 bulk single crystals is their remaining high
bulk conductivity, overwhelming the contribution of the topological surface states.
They typically suffer from the unavoidable presence of vacancies (Te, Se) and anti-
side defects (Bi↔Te) [12–14, 54, 57, 60, 61]. For Bi2Te3 thin films, the Te defect
concentration can be preferable controlled by means of the MBE technique, uti-
lizing the so-called distillation process [69, 71, 115]. Hereby, much more Te, than
stoichiometrically necessary is supplied to the growing film, and the excess Te is
re-evaporated from the sample to the vacuum by keeping the substrate at an appro-
priate elevated temperature. Hence, the Bi rate determines the Bi2Te3 film growth
rate. The distillation process can be characterized by the relation
TTe < Tsub < TBi,Bi2Te3 (3.1)
Here, TTe and TBi,Bi2Te3 denotes the evaporation temperature of Te, Bi, and Bi2Te3,
respectively, and Tsub the substrate temperature.
Figure 3.1 illustrates the MBE setup used for the growth of Bi2Te3 thin films.
High-purity (99.9999%, from ChemPur) elemental Bi and Te were evaporated from
standard Knudsen cells, with flux rates of 1Å/min for Bi and about 6 – 8Å/min
for Te. The fact that Te is evaporated in a large proportion as molecules (Te/Te2),
causes the need of such excessively high flux rates. The fluxes were separately
determined by a quartz crystal microbalance (Sycon STM-100), which is placed
at the substrate position prior to sample growth; not shown in the sketch. Bi is
evaporated from a 1 cc Veeco effusion cell out of a Ta-lined boron-nitride (PBN)
crucible at temperatures of about 470℃. The Ta insert is necessary, because Bi
melts (Tm = 271 ℃) before it is evaporated, while cooling down the melt shrinks and
could crack the crucible just in case there is wetting between the Bi and crucible
material. Te is co-evaporated by a 1 cc Luxel evaporator (RADAKI), directly from
an alumina crucible. Te is a high vapor pressure material. In the presently used
evaporator type it causes choking of the slightly cooler orifice by Te condensation.
For this reason the temperature need to be successively increased from 200℃ to
about 330℃ to maintain the required flux rates. Both evaporators contain manual
shutters to interrupt the beam fluxes.
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Figure 3.1: Sketch of the geometries in the MBE chamber used for Bi2Te3 growth.
3.1 Bi2Te3 growth optimization and in situ structural
characterization
3.1.1 1-step growth on Al2O3 (0001)
To make use of the distillation process, in a first step the minimum substrate tem-
perature to ensure a full re-evaporation of the elemental Te need to be determined.
This was done by studying the RHEED pattern of a vacuum-annealed Al2O3 sub-
strate under Te flux. At the beginning, the substrate temperature was set to 300℃.
At this temperature the RHEED pattern is unaffected by the Te beam and displays
solely the substrate, i.e. no elemental Te remains on the substrate surface. Progres-
sively, the substrate temperature was lowered in steps of 5K. At 170℃ the substrate
RHEED pattern starts to disappear, indicating that the Te starts sticking on the
substrate, indicating an incomplete re-evaporation.
The next step in optimizing the MBE growth of Bi2Te3 was to find the temperature
that favors good epitaxial growth and at the same time excludes the re-evaporation
of already deposited Bi2Te3 layers. This temperature window was determined by
growing a series of Bi2Te3 films at substrate temperatures ranging from 220℃ to
300℃. At 270℃, the sticking coefficient of Bi2Te3 is already drastically decreased,
as seen by the only partially covered substrate in Fig. 3.2 (center). Increasing
the substrate temperature further obviously lowers the sticking probability, and at
Tsub = 300℃ no deposition of Bi2Te3 occurs anymore, as seen in the right panel of
Fig. 3.2. Bi2Te3 growth at e.g. 250℃ (left picture of Fig. 3.2) results in homoge-
neously covered substrates with blackish and mirror-like film appearance.
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Tsubstrate = 250°C Tsubstrate = 270°C Tsubstrate = 300°C 
Figure 3.2: Determination of the optimal substrate temperature. Left: Sample
grown at the optimal sample temperature of 250℃, ensuring full re-evaporation of
excess Te, excellent surface mobility of the adatoms for layer – by – layer growth,
and a sticking coefficient close to 1 for Bi2Te3 and Bi. The samples are blackish and
mirror-like. Middle: The sticking coefficient is already drastically reduced at 270℃,
as seen by the only partially covered substrate. Right: No deposition of Bi2Te3
occurs at 300℃.
In order to ensure a sufficiently high Te flux for the interface layer of the Te–Bi–
Te–Bi–Te (1QL) stack to the substrate, the Te shutter was opened about 10 seconds
before the actual film deposition started, initialized by opening the Bi shutter. Fur-
thermore, to prevent the formation of Te vacancies at the surface due to the hot
substrate, after finishing the film deposition the Te flux was not stopped until the
substrate temperature dropped below 210℃.
By systematically varying the substrate temperature between the determined lim-
its, i.e. 180℃–260℃, the growth temperature was optimized based on the RHEED
and LEED images. Figure 3.3 depicts a ∼ 25QL thick Bi2Te3 film grown at 220℃
on Al2O3. In the RHEED pattern (a) 3D spots-like features along with the diffrac-
tion streaks are clearly visible and indicate the formation of islands with increasing
film thickness, as a results of the too cold substrate temperature. LEED at 58 eV
displays a hexagonal pattern, however, the spots appear distorted, due to poor
crystal quality and structural imperfections. Moreover, RHEED and LEED images
are characterized by an intense background, caused by scattering at the rough sur-
face morphology. At a substrate temperature at around of 250℃ RHEED shows a
streaky pattern and clear intense LEED spots, see Fig. 3.4 (a) and (b), respectively.
These observations indicate a well organized crystal structure of this 28QL Bi2Te3
film, caused by the higher mobility of the ad-atoms. Also, a lower surface roughness,
compared to a film grown at 220℃, is apparent from the much lower background
in the images. In both cases the optical appearance (part (c) of the Figures) of the
films is blackish and mirror-like. One should note that the photograph of the sam-
ple at 250℃ substrate temperature (Fig. 3.4(c)) was made under a slightly different
angle, making it look less shiny and reflecting.
Good crystalline and structural properties could be obtained in the temperature
range of 235℃ to 260℃ for Bi2Te3 thin films grown on Al2O3. However, about 80%
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I) <200°C, 25QL  KH027, rough 
II) 250°C, 28QL KH024, good 
58 eV 
58 eV 
(a) (b) (c) 
(a) (b) (c) 
Figure 3.3: RHEED image (a), LEED pattern recorded at 58 eV (b) and photograph
(c) of a 7 thick Bi2Te3 film grown on Al2O3 at 220℃ substrate temperature.
The high background intensity and extra spots in RHEED indicate a rough surface
with islands.
1 step 
I) <200°C, 25QL  KH027, rough 
II) 250°C, 28QL KH024, good 
58 eV 
58 eV 
(a) (b) (c) 
(a) (b) (c) 
Figure 3.4: RHEED image (a), LEED pattern recorded at 58 eV (b) and photograph
(c) of a 28QL Bi2Te3 film on Al2O3 grown at the optimal substrate temperature
of 250℃. The streaky RHEED pattern and intense LEED spots reveal high quality
samples with a very smooth surface morphology.
of these Bi2Te3 films displayed differently rotated domains and/or facetting of the
structure. This is seen in RHEED by the faint streaks in between the main streaks
of the Bi2Te3, Fig. 3.5(a) [75, 116–118]. Further on, the arc-like deformation of the
LEED spots supports the presumption of rotational stacking (Fig. 3.5(b)).
Growth rates determined from XRR thickness measurements show differences
between the samples grown above or below 250℃ substrate temperature. While
maintaining a constant Bi flux (1Å/min) the following growth rates were observed
Tsub < 250 ℃ ∼ 0.3QL/min; Tsub ≥ 250 ℃ ∼ 0.27QL/min
These results indicate that the sticking coefficient is already reduced at temper-
atures of about 250℃. Unfortunately, distinct RHEED oscillations could not be
observed on the Al2O3 substrates, making it difficult to judge whether a continuous
re-evaporation of a small amount of Bi2Te3 takes place, or the adhesion of the initial
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III) 250°C KH023 30QL, rotation 
T substrate 250°C 
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Figure 3.5: RHEED (a), LEED (b) of a Bi2Te3 film (c) grown likewise at 250℃
su rate temperature. Additional faint streaks in the RHEED pattern between the
main streaks, and washed out LEED spots demonstrate the presence of multiple
rotated domains.
QL is strongly suppressed, causing a "delay" in the film growth. However, results of
the improved 2-step growth method, explained in the following section, support the
latter assumption.
3.1.2 2-step growth on Al2O3 (0001)
From the 1-step growth, the best film quality could be observed at substrate temper-
atures of about 250℃, yet, at the same time the film growth rate is slightly reduced
due to a reduced sticking probability. Furthermore, in about 80% of the grown sam-
ples twinning and rotational stacking occurs, diminishing the Bi2Te3 film quality.
Nevertheless, the formation of rotated domains in the 1-step growth was observed to
occur less often and less intense at lower substrate temperatures, Tsub ≲ 230℃. De-
spite the poor crystallinity and roughness upon subsequent film growth, the initial
layers exhibit a reasonable crystal quality. Based on these facts and disadvantages
a 2-step growth procedure for Bi2Te3 thin films was developed.
The procedure is illustrated by the corresponding RHEED pictures in the top
panel of Fig. 3.6(a – c). In the initial step a 3QL thick wetting layer of Bi2Te3 is
deposited at a lower substrate temperature, in this case 185℃. Temperatures in
the range of 185℃ to 230℃ are sufficiently low to ensure good adhesion to the
substrate. The RHEED pattern of this seed layer is characterized by a concentric
ring-like structure shown in Fig. 3.6(a), indicating disordered crystallographic ori-
entations. Furthermore, very faint streaks between the main streaks are visible.
Heating up the substrate temperature to 285℃ considerably improves the crystal
quality, Fig. 3.6(b). The elevated temperature increases the surface mobility and
causes ordering while coalescence of the different domains, indicated by the vanish-
ing ring-like features and brightening of the specular spot. Moreover, this annealing
step suppresses and cures the rotated domains, the faint streaks disappeared com-
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12 QL 
2 step growth: stop after 3QL → anneal → continue growth 2 step 
I) KH035(2) , works 
3 QL @ 185°C 3 QL: 40 min@285°C 10 QL @ 250°C 
56 eV 
(a) (b) (c) 
(d) (e) 
Figure 3.6: Bi2Te3 thin film deposited on Al2O3 via the 2-step growth procedure.
(a) RHEED image after deposition of 3QL at 185℃, faint streaks are visible. The
subsequent annealing at 285℃ (b) leads to a suppression of the twin formation. The
final second growth step is carried out at 250℃, producing a clear streaky RHEED
pattern (c) and intense LEED spots (d).
pletely. The duration of this process depends on the degree of disorder and is
evaluated from the RHEED pattern during annealing, typical times are between 30
and 45minutes. Although, in the previous section 270℃ was determined as temper-
ature with a drastically decreased sticking factor of Bi2Te3, the elevated annealing
temperature is not contradictory. Once the wetting layer is steadily formed on the
substrate (Tsub ≤ 230℃), it does not decompose until the substrate temperature ex-
ceeds 300℃. This is verified by the observation of the RHEED pattern and optical
inspection of the slightly greyish wetting layer.
Subsequently, the second growth step is executed at a substrate temperature of
250℃, which was figured out as an optimal temperature for smooth films from
the 1-step procedure. Figure 3.6(c) shows the RHEED pattern of a Bi2Te3 film of
10QL total thickness, grown by means of this 2-step procedure. The intense streaky
RHEED pattern, taken along the [1 2̄ 1] direction, depicts high-quality single crys-
talline epitaxial Bi2Te3 thin films with a smooth surface morphology. Furthermore,
sharp and intense LEED spots support the high quality of the films grown with the
2-step procedure, cf. Fig. 3.6(d).
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Figure 3.7: An example showing that the 2-step growth is only able to suppress the
formation of rotated domains of Bi2Te3 on Al2O3 in about 50% of the cases. The
RHEED pattern (a)–(c) depict additional streaks at all stages of the growth. LEED
displays strongly arced spots (d).
Apparently, the 2-step growth improved the Bi2Te3 film quality remarkably. Nev-
ertheless, the success rate for films without twinning and rotational stacking could
only be raised to about 50%. Figure 3.7 shows an example where the formation
of rotated domains could not be suppressed. Compared to the previous sample,
the additional streaks of the three QL wetting layer are already more intense (cf.
Fig. 3.7(a)), indicating a higher amount of rotated domains right from the beginning.
Although, the annealing improved the quality of the Bi2Te3 film, seen by sharpen-
ing of the pattern, the additional streaks remain almost in the same intensity as the
main streaks, see Fig. 3.7(b). Upon subsequent deposition, the film preferably grows
along the [1 2̄ 1] orientation, as seen by the relatively higher intensities of the Bi2Te3
main streaks in the RHEED pattern, cf. Fig. 3.7(c). However, the faint sidebands
persist for the 10QL film, which is consistent with the strongly arced LEED spots,
seen in Fig. 3.7(d).
The fact, that even with the same substrate temperature for the wetting layer
deposition, the twinning and rotational stacking occurs still in about 50% of the
grown films, leads to the assumption that the large mismatch to the Al2O3 substrate
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might favor these imperfections, need to be taken into account. Possible growth
orientations of Bi2Te3 on Al2O3 (0001) are illustrated in Fig. 3.8. The oxygen atoms
of Al2O3 are depicted by the center and corners of the blue hexagons, the underlying
Al atoms by green triangles, respectively. The sketch does not show a complete unit
cell of Al2O3 in the ab-plane, just the two topmost layers. For Bi2Te3 only the
first three layers of a QL are displayed; the first hexagonal Te layer (orange), the
ensuing triangular Bi layer (red), and the next triangular Te layer (brown) which
is rotated by 180° to Bi. Typically the Bi2Te3 follows the orientation of the Al2O3
substrate, as shown in the left panel of the Fig. 3.8, resulting in about 9% mismatch
of film and substrate. Considering twice the lattice constant of Bi2Te3, it is also
possible for Bi2Te3 to grow with a 30° rotation on Al2O3 (0001), with only 6% lattice
mismatch. Although, the rhombohedral Bi2Te3 is three-fold symmetric, domains of
60° rotations in plane around the c-axis can be easily formed. Furthermore, beside
the typical ABCAB stacking of the QL, also reversed stacking order ACBAC is
possible. Apparently, the van der Waals epitaxy between the substrate and Te
aligns the first hexagonal Te layer. However, the choice of B or C for the subsequent
atomic Bi layer is not determined. The resulting twinning is especially prominent
on substrates with a large lattice mismatch [75, 76, 119], as it is the case for Al2O3.
Figure 3.8: Possible reason for the multi-domain formation of Bi2Te3 upon growth
on Al2O3. The left sketch displays the case Bi2Te3 following the orientation of the
hexagonal Al2O3 structure. The lattice mismatch in this case is ≈ 9%. However,
considering twice the Al2O3 lattice constant, it is also possible for Bi2Te3 to orient
30° rotated with respect to the Al2O3 substrate, featuring a lattice mismatch of
≈ 6%.
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3.1.3 2-step growth on BaF2 (111)
The large lattice mismatch of 9% of Bi2Te3 to Al2O3 supports the formation of mul-
tiple domains during MBE growth, as seen by the RHEED and LEED images in
the previous section. Aiming towards a suppression of domains, BaF2 in the (111)
cut was used. BaF2 offers an optimal lattice match of less than 0.1% to Bi2Te3
and, most important for transport measurements, it is highly insulating. Fluo-
rite substrates can only be produced by chemo-mechanical polishing, which results
in slightly rougher surfaces (rms-value ≈ 1.6 nm), compared to classical epi-polished
substrates.2 step BaF2(111) 
I) KH089   
3 QL @ 230°C 3 QL: 30 min@275°C 50 QL @ 255°C 
50 eV 56 eV 
(a) (b) (c) 
(d) (e) (f) 
Figure 3.9: 50QL Bi2Te3 sample grown on BaF2 (111) based on the 2-step procedure.
(a) RHEED of 3QL wetting layer deposited at 230℃ and after annealing (b). The
intense streaky RHEED pattern of the final 50QL Bi2Te3 (c) demonstrate the high
film quality. LEED recorded at 50 eV (d) and 56 eV (e). The single-domain nature
of the film is revealed by the triangular pattern at 50 eV. RHEED and LEED images
are shown in false colors to improve the visibility of the background intensity.
The RHEED and LEED results of a 50QL Bi2Te3 film grown on BaF2 (111) are
shown in Fig. 3.9. The Bi2Te3 growth is carried out according to the same 2-step
growth recipe optimized for Al2O3 substrates, cf. section 3.1.2. The 3QL wetting
layer deposited at 230℃ already displays a streaky pattern without additional faint
streaks (Fig. 3.9(a)). However, the wetting layer still shows some minute amount
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of disorder due to the low substrate temperature, as seen by weak the ring-like
features. Annealing the 3QL Bi2Te3 wetting layer for 30min at 275℃ under Te
atmosphere remarkably improves the film quality, as seen by the brightening of the
specular spot, sharpening of the whole pattern, and disappearance of the rings, see
Fig. 3.9(b). The subsequent film growth of 47QL at 255℃, Fig. 3.9(c), results in
intense and narrow RHEED streaks, indicating the formation of high-quality and
very smooth single crystalline films. LEED images taken at 50 eV show intense
spots displaying a trigonal pattern indicating the three-fold symmetry of the crystal
structure. This qualitatively demonstrates that the Bi2Te3 films on BaF2 are single-
domain [120], see Fig. 3.9(d). In the case of a second domain, e.g caused by reverse
stacking, the LEED would display a second triangle rotated by 180°, likely with a
different spot intensity. However, also on a single-domain film a six-fold pattern can
be observed, when probing e.g. a hexagonal Te layer within the QL at 56 eV, see
Fig. 3.9(e).
The LEED energy dependence recorded at energies from 50 eV to 57 eV is dis-
played in Fig. 3.10. At 50 eV the triangular pattern is clearly visible. By increasing
the electron energy gradually in 1 eV steps additional spots with raising intensity
appear, finally resulting in an hexagonal pattern at about 56/57 eV. These spots are
contributions from the adjacently atomic layers, probed along the c-axis.
50 eV 51 eV 52 eV 53 eV 
54 eV 55 eV 56 eV 57 eV 
LEED e ergy KH081 
Figure 3.10: Energy dependence of LEED pattern. Upon varying the electron energy
from 50 eV to 57 eV the pattern changes from trigonal to hexagonal, exemplifying
the different folding symmetries of the atomic layers in the Bi2Te3 crystal structure
along the c-axis.
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Unfortunately, the LEED pattern for Bi2Te3 on Al2O3 (0001) substrates were only
recorded at about 56 eV, so a six-fold pattern is observed in any case. Thus, solely
based on the RHEED and LEED pattern, it is not possible to tell in retrospective
whether also high quality films displaying three-fold symmetry could be grown on
Al2O3, or if reversely stacked, 60° rotated, domains are always present.
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Figure 3.11: Real-time RHEED intensity oscillations of the specular spot during the
initial step and the second growth step showing a layer – by – layer growth mode of
the Bi2Te3 on BaF2. The deposition rate is about 0.3QL/min, consistent with the
Bi supply flux of 1Å/min.
Whereas on Al2O3 substrates RHEED oscillations were hardly possible to observe,
Bi2Te3 grown on BaF2 displays pronounced variations in the specular spot intensity,
indicating the desired 2D layer – by – layer growth. Figure 3.11 shows that the layer –
by – layer growth mode is already present while depositing the 3QL wetting layer at
a lower substrate temperature. After annealing, and opening the Bi shutter again
for the second growth step at 255℃ the oscillations persist over several cycles. It
should be mentioned that both growth steps are recorded in separate video files and
just plotted together in one graph, such that there is an overlap in time between both
steps. After the deposition of the wetting layer the sample was annealed for 30min.
From the period of the RHEED oscillations the Bi2Te3 growth rate is determined
to 0.3QL/min, consistent with the Bi supply rate of 1Å/min.
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3.2 Ex situ structural characterization
Based on the RHEED and LEED images, Bi2Te3 grows epitaxial, single-crystalline,
and single-domain on BaF2 (111). However, theses are only qualitative results. To
gain quantitative information on the structural quality of the Bi2Te3 films ex situ
x-ray diffraction measurements (XRD and XRR) were performed.
Figure 3.12: Ex situ XRD θ − 2θ scan of a 30QL Bi2Te3 thin film display only the
3n allowed reflection peaks, verifying the expected rhombohedral structure for this
material system and verifying the pure Bi2Te3 phase.
The XRD θ −2 θ wide scan, Fig. 3.12, shows only the 3n allowed reflection peaks,
matching the expected rhombohedral structure of single crystalline Bi2Te3. Beside
the BaF2 substrate, all peaks can be assigned to pure Bi2Te3, indicating the absence
of a second phase, e.g. Bi3Te4 or BiTe [78, 121]. The hexagonal lattice parameters of
the Bi2Te3 films are determined from the (0 0 6) and (1 0 5) peak positions (θ ≈ 8.76°
and 13.68°, respectively) to a=(4.37±0.03)Å and c=(30.48±0.01)Å. These values
are in good agreement with known Bi2Te3 bulk values of a=4.3Å and c=30.495Å
[78].
The high quality of the MBE grown Bi2Te3 films with smooth surfaces is confirmed
by pronounced Kiessig fringes in XRR. The XRR results are shown in Fig. 3.13(a).
The fringes persist over five orders of magnitude and can clearly be seen up to 2θ=8°;
the maximum angle of the measurement. Out of this, the long range surface rough-
ness of the Bi2Te3 films is determined to be less than 0.2 nm. Furthermore, the
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Figure 3.13: Ex situ x-ray diffraction. (a) X-ray reflectivity (XRR) shows distinct
Kiessig fringes over more than 5 orders of magnitude in intensity and up to 2Θ = 8 ○,
indicating a very low long range surface roughness of less than 0.2 nm of the 12QL
Bi2Te3 films. (b) and (c) display a zoom-in of the (0 0 6) and (0 0 15) Bragg peak
of a 30QL thin film, respectively. The observed fringes persist even at the (0 0 15)
peak at 2Θ = 44.5 ○, supporting the flat surface morphology.
thickness fringes can be observed up to the (0 0 15) peak at about 44.5°, Fig. 3.13(b)
and (c), supporting the very flat surface morphology.
To further verify the single-domain nature of the Bi2Te3 films, indicated by the
trigonal LEED pattern, a 360° in-plane Φ-scan around the (0 1 5) peak was per-
formed. The results are shown in Fig. 3.14. The reflection peaks occur every 120°,
confirming the three-fold symmetry as expected for single-domain Bi2Te3 films. No
indication for additional peaks every 60° are detected in the logarithmic plot, as
often observed for MBE grown Bi2Te3 and Bi2Se3 samples with rotated domains
and/or reverse stacking [76, 78, 122–124].
Based on the structural in situ characterization by RHEED and LEED, and ex situ
by XRD and XRR measurements it can be concluded, that the 2-step growth pro-
cedure on BaF2 (111) substrates yields reproducible high-quality single-crystalline
and single-domain Bi2Te3 films, which exhibit a very smooth surface morphology.
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Figure 3.14: XRD in-plane Φ−rotation scan around the (0 1 5) Bi2Te3 peak. The
reflections occur only every 120○, confirming the three-fold symmetry observed in
LEED, proving the single-domain nature of the films.
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properties of Bi2Te3 thin films
The spectroscopic analysis and conductivity measurements on the MBE grown
Bi2Te3 films were performed in designated chambers attached to the same UHV-
system as the MBE chamber. This entire in situ characterization ensures that the
intrinsic spectroscopic and transport properties of the topological surface states are
recorded reliably, without the presence of ambient influences.
4.1 In situ spectroscopy of Bi2Te3 thin films
The important aspect to obtain bulk insulating TI films is their stoichiometry. Es-
pecially single crystals but also thin films of Bi2Te3 often exhibit Te deficiency,
causing n-type doping with the Fermi level (EF ) residing in the bulk conduction
band. Furthermore, incorporated impurities and/or contaminations, even from the
residual gases in UHV, can be present and influence the Bi2Te3 quality. In the
present case, the stoichiometry, possible impurities, and the position of the Fermi
level were determined with XPS and ARPES, respectively.
4.1.1 XPS
The XPS wide scan spectrum of a 20QL Bi2Te3 film grown on BaF2 is presented in
Fig. 4.1. The spectrum displays only features related to Bi2Te3 atomic levels; no car-
bon, oxygen or nitrogen peak is observed. Thus, within the experimental detection
limit of the XPS, the films are free of impurities and contaminants. Furthermore, no
signals from the BaF2 substrate are detectable, indicating that the film fully covers
the substrate and no holes are present. A low background of the spectrum originates
from the high structural and surface quality of the films.
Figure 4.2 shows the Te 3d and Bi 4f core level spectra of the 20QL Bi2Te3 film.
The black lines display the as-measured spectra, whereas the red curves result from
a background corrected based on the relation
Im(E) = I0(E) + α
∞
∫
E
I0(ε)dε. (4.1)
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Figure 4.1: X-ray photoelectron spectroscopy wide range scan of a 20QL Bi2Te3
thin film. The spectrum displays only features related to Bi2Te3 levels, revealing
the absence of impurities, and a full coverage of the substrate.
Figure 4.2: XPS scans of the Te 3d and Bi 4f core levels. Black displays the as-
measured curves. Results of the background correction based on formula 4.1 are
shown in red, and the subtracted background is given in green. The very narrow
and symmetric core level line indicate the absence of Te or Bi excess in the 20QL
film. Furthermore, the core level scans of a background corrected bulk crystal sample
of Bi2Te3 are depicted in blue dotted lines.
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Here, Im(E) is the measured spectrum (black curve), I0(E) the corrected/original
spectrum (red curve) with E the kinetic energy of the photoelectrons, and α the
correction factor, which needs to be determined iteratively. Equation 4.1 is known
as the Integral- or Shirley-Background correction [34, 125]. The green curves display
the subtracted background. In comparison to the Bi2Te3 bulk crystal1 (blue dots)
the measured spectra of the grown film reveal very narrow and symmetric Te 3d and
Bi 4f core level lines, indicating the absence of any Te or Bi excess, and thus the
success of the distillation process during the MBE growth.
The Te/Bi ratio can be calculated from the integrated intensities, and usage of the
photo-ionization cross-sections [126] of the corresponding core levels to Te3d/Bi4f
≈ 3/2, as expected from the stoichiometric formula of Bi2Te3. It should be noted
that the determination of the Te/Bi-ratio does not include the dependency of the
transmission/efficiency of the analyzer, which scales with 1/Ekin, and is thus not
error-free. Compared to the thin film, the Bi2Te3 bulk crystal displays a shift of
≈100meV towards higher binding energies, which may give a hint for the typical n-
type doping in bulk crystals. However, no further measurements, especially ARPES,
were conducted on this sample since it is not a single-crystal, beside this, bulk crys-
tals were not the scope of the thesis.
XPS is a powerful tool to identify the composition of the materials and to check for
impurities. However, to gain information about the valence band spectrum and the
exact position of the chemical potential/Fermi level, XPS is not the best choice due
to the limited resolution at high kinetic energies; here ARPES at lower excitation
energies is the preferably method of choice.
1The reference crystal was grown by Dr. Markus Schmidt at the MPI CPfS.
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4.1.2 ARPES
KH096 (BaF2)  10QL 
ARPES @ RT 
He I @21,2eV 
surface = metallic 
bulk = insulating 
Γ − 
K − M 
− 
Γ 
K 
Z 
F 
L 
ARPES cone 
KH096, 10QL   
Figure 4.3: ARPES band dispersion spectra taken along the Γ̄−M̄ and Γ̄− K̄ direc-
tions of a 10QL thick film recorded at room temperature. The dashed line indicates
the position of the Fermi level, calibrated using a silver reference sample (shown
left). Only the surface states intersect the Fermi level, revealing bulk-insulating
behavior of the films. At room temperature states up to ∼ 100meV above the Fermi
level are thermally populated and become visible, which is important for the further
electrical characterization of the Bi2Te3 films.
UPS and ARPES with an excitation energy of 21.2 eV (He I) was used to determine
the electronic band structure and the position of the Fermi level, i.e. to check for
the bulk-insulating behavior of the fabricated Bi2Te3 thin films.
The valence band ARPES in the vicinity of the Fermi level of a 10QL Bi2Te3
film is depicted in Fig. 4.3. The figure shows the band structure dispersions along
two high symmetry axes of the projected Brillouin zones: left panel the M̄ − Γ̄ − M̄
direction and the right one the K̄ − Γ̄ − K̄, respectively. Both measurements were
carried out at room temperature on the same sample. The probing direction was
changed by rotating the sample inside the XPS chamber using the rotatable sample
holder. Due to a misalignment of the sample holder and analyzer of about 2.5°, the
ARPES images are not centered, but shifted by about 0.15Å−1. The misalignment
was necessary to reach the focal point of the analyzer even with the rather high
rotatable sample holder.
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The characteristic linear dispersion of the topological surface states, the so-called
Dirac cone, is clearly observable. The Fermi level is located well above the bulk
valence band (BVB) and no indication for an occupation of the bulk conduction
band (BCB) is visible, i.e. the Fermi level is located inside the bulk band gap and
only intersected by the topological surface states (SS), revealing a bulk-insulating
behavior of the films. This is the preferred situation for studying and characterizing
the topological SS properties. It should be emphasized that the suppression of bulk
charge carries could be achieved without the application of any additional counter-
doping (e.g. Ca, Sn, or Pb), just by optimization of the growth conditions and the
choice of an appropriate substrate; see the previous chapter 3.
For Bi2Te3, the Dirac point is buried inside the BVB, and thus the Fermi level
can not be tuned to the Dirac point without contributions from the BVB. For the
shown 10QL Bi2Te3 film, the Dirac point is located about 150meV below the Fermi
level. This value results in a concentration of the topological surface charge car-
riers of about 4⋅1012 cm−2, cf. Eqn. 1.7. The Fermi velocity, i.e. the slope of the
linear dispersion of the SS, are obtained to h̵vF = (2.20 ± 0.20) eVÅ along Γ̄ − K̄
and h̵vF = (2.08± 0.20) eVÅ along Γ̄− M̄ . These values agree well with theoretically
predicted numbers of 2.13 and 2.02 eVÅ for Γ̄ − K̄ and Γ̄ − M̄ , respectively, as well
as with experimental results from other groups [9, 31]. The difference in the Fermi
velocity along the different high-symmetry orientations is caused by the so-called
warping effect of the surface states of Bi2Te3 [9, 26, 82].
Although ARPES spectra recorded at higher temperatures become less sharp due
to thermal broadening, performing ARPES at room temperature rather than at
low temperatures has an important advantage in particular to relate spectroscopic
results with electrical transport measurements: states up to ∼ 100meV above the
Fermi level are thermally populated and become visible in ARPES, cf. Fig. 4.3. The
left part of Fig. 4.3 displays UPS data from a Ag reference sample taken at 90K
and 295K. Clearly, the thermal occupation above the Fermi level according to the
temperature dependence of the Fermi-Dirac distribution can be observed. Knowing
possible occupation of the bulk conduction band of Bi2Te3 is important for analyzing
electrical resistivity data, since transport data are usually recorded over a wide
temperature range up to room temperature. In the present case, the BCB signal is
absent at room temperature ensuring that the conductance is predominantly given
by the topological surface states.
The asymmetry in the ARPES spectrum along the M̄ − Γ̄ − M̄ direction (see
Fig. 4.3) furthermore provides spectroscopic evidence for the single-domain nature
of the Bi2Te3 thin films grown on BaF2. For verification, normal emission ARPES
spectra at several angles were taken while rotating the sample in-plane. Figure 4.4
depicts the azimuthal angular dependence of the spectra. The threefold symmetry
can be clearly observed by comparing the repetitive spectra at 0°, 120°, and 240°
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Figure 4.4: ARPES spectra recorded at an in-plane rotation in steps of 30° on a
10QL thick Bi2Te3 sample. The three-fold symmetry can be clearly seen in the
repeating valence band structure at 0°, 120°, and 240°, mirrored to those at 60°,
180°, and 300°.
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with those at 60°, 180°, and 300°, which exhibit a mirrored k-dependence compared
to the previously mentioned angles. In the case of two equally distributed domains
sixfold symmetry would be observed also in ARPES, due to the superposition of
spectra of both orientations. ARPES, just as LEED, is merely a qualitative tool to
check for single-domain growth of the films. Here, XRD delivers the most reliable
results, cf. chapter 2.3.3.
KH122 Bi2Te3 on BaF2 (111); 20QL 
Μ Γ  − − − Μ Κ Γ  − − − Κ 
(a) (b) (c) 
Figure 4.5: Bi2Te3 band dispersion scans recorded up to ∼ 5 eV taken along (a) Γ̄−M̄
and (b) Γ̄− K̄ at room temperature. (c) Respective UPS (angle integrated) spectra.
Figure 4.5 shows the electronic band structure of a 20QL Bi2Te3 film measured
up to ∼ 5 eV below the Fermi level along the two high symmetry directions M̄ −Γ̄−M̄
(a) and K̄−Γ̄−K̄ (b), respectively. Furthermore, the angle integrated UPS spectrum
of the two scans are plotted (c). Even at room temperature features of the band
structure are clearly visible, verifying the good film quality. With the ±10° (A20)
angular mode of the analyzer and due to the slight tilting, momenta up to ≈ 0.6Å−1
are measurable with the He I light (21.2 eV). This maximum momentum corresponds
to a probing of about 42% of the Brillouin zone of Bi2Te3 along Γ̄−M̄ , and maximal
36% along Γ̄ − K̄, respectively; calculated based on the hexagonal real space lattice
constant of 4.38Å. The topological surface states are not visible in the wider scans,
because of their low intensity compared to the other bands.
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4.2 Combined ARPES and in situ electrical resistance
measurements of bulk-insulating Bi2Te3 thin films
The aim of this thesis is to verify whether or not and, if so, to what extend the
transport properties of Bi2Te3 are determined by the non-trivial topological sur-
face states. In the previous steps the growth procedure was optimized to achieve
high-quality bulk-insulating Bi2Te3 thin films, confirmed by the ARPES technique.
In the following section transport measurements are presented, which were entirely
performed in situ, without breaking the ultra-high vacuum conditions. This in situ
characterization is necessary to obtain reliable results of the transport properties; it
is known that air exposure causes n-type doping of the Bi2Te3 films [16, 18, 127, 128];
cf. also results from chapter 5. Furthermore, direct interrelations between ARPES
and electrical resistance measurements can be obtained by performing experiments
under identical conditions on one and the same sample.
4.2.1 Quality of the in situ electrical sample contacts
Calculations show that the interface of a TI with large metallic contacts leads to
changes in their band structure and properties due to hybridization with the metallic
states [54, 129]. Hence, the intention of using spring-loaded point contacts is to keep
the influence of the metal on the TI states as minimal as possible, by realizing a
reduced contact area compared to the usually applied ex situ contact methods (like
applying Ag-paint or sputtered contact pads). The diameter of the used spring
contacts is 0.51mm with a spherical tip to minimize damage of the sample surface.
Figure 4.6(a) shows the voltage - current characteristics of a 10QL Bi2Te3 film at
selected temperatures (room temperature and 15K) contacted in situ. The linear
relationship of the voltage in dependence of the applied bias current (current driven
measurement) displays ohmic behavior and verifies the mechanical stability of the
in situ contacting method over the entire temperature range. Ohmic contacts en-
sure direct contact between the metallic probe and the sample without intervening
insulating layers, e.g. contaminations or oxid layers. They are important to acquire
reliable resistance data, especially when using the differential Lock-In technique.
Ohmic contacts were obtained reproducible on all samples, demonstrating the high
working accuracy and reliability of the in situ contact setup. There are no changes
visible in the voltage – current (I –V) characteristic after the cooling cycle; com-
pare red and green curves in Fig. 4.6(a). ARPES data of this sample taken before
(pristine) and after the transport experiment are identical, cf. Fig. 4.6(b). Thus,
the spectroscopic results confirm that the thermal cycle does not degrade the film
quality nor change the properties of the sample surface.
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Μ Γ  − − − Μ 
pristine after transport 
Μ Γ  − − − Μ 
(a) (b) 
Figure 4.6: (a) I - V characteristics of the in situ realized contacts. The linear relation
demonstrates ohmic behavior and mechanical stability of the contacts within the
whole temperature range; green: before cool down at 296K, blue: 15K, red 296K
after the thermal cycle. (b) ARPES spectra measured before (pristine) and after
the transport experiment revealing no degradation of the film surface quality.
4.2.2 Verification of the intrinsic conduction through topological
surface states of bulk-insulating Bi2Te3 thin films
To investigate whether the conductivity of the MBE grown Bi2Te3 films is of a sur-
face nature arising solely from the topological surface states, the sheet resistance
(R◻) was measured as a function of film thickness. For a perfect intrinsically in-
sulating TI, one would expect to measure the same sheet resistance values for all
sample thicknesses; as long one does not drop below the critical thickness of ≈ 3QL
in the case of Bi2Te3. For thinner films the top and bottom surface hybridize, leading
to the opening of a band gap and vanishing of the non-trivial topological features
[130, 131]. However, for thick enough Bi2Te3 samples, the surface does not scale
with the film thickness, and the insulating bulk will not contribute charge carriers
to the conductivity. Thus the sheet resistance, not the resistivity ρ, is expected to
be independent of the film thickness for surface conduction [13].
For this experiment, Bi2Te3 films ranging from 10 to 50QL were grown on BaF2
(111) substrates by means of the 2-step method. All samples were examined by
ARPES at room temperature before, and repeatedly after, the transport measure-
ments to ensure that only the topological SS are intersecting the Fermi level and the
film quality is not degraded. The entire experimental process is carried out in situ
under UHV conditions of p < 3⋅10−10 mbar. Figure 4.7 shows the ARPES spectra of
the individual Bi2Te3 films with thicknesses of 10, 15, 20, 30, and 50QL, recorded
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Figure 4.7: ARPES images of the samples used for the thickness-depended resistivity
measurements, ranging from 10 to 50QL. For all samples only the SS intersect the
Fermi level. The energy distance of the Fermi level to the extrapolated Dirac point
yields the following values: 155meV for 10QL, 145meV for 15QL, 128meV for
20QL, 114meV for 30QL and 134meV for 50QL.
along the K̄ − Γ̄ − K̄ direction. The green lines are guides to the eye to extrapolate
the Dirac point of each sample. Even though there are variations of the chemical
potential for the different samples, for all films the Fermi level is located well within
the bulk band gap, without any indications of BCB occupation. Thus, the con-
ductivity should be solely given by the topological SS. The energetic distance εF
of the chemical potential to the extrapolated Dirac points, buried inside the BVB,
ranges between −115meV (30QL) and −155meV (10QL). Using the relation ns ∼ k2F
(Eqn. 1.7), these energies result in charge carrier concentrations in the range of 2.3 –
4.2 ⋅1012 cm−2. Since Bi2Te3 displays warping, the mean of vΓ̄−K̄F and vΓ̄−M̄F is used to
determine the value of the Fermi velocity vF used for the calculations, cf. Eqn. 1.7.
Please refer also to Fig. 4.8(c) for the charge carrier concentrations of the other
thicknesses, displayed by open green triangles.
Figure 4.8 gives an overview of the results obtained from the in situ transport
experiments. Part (a) depicts the temperature dependence of the sheet resistance
of the Bi2Te3 films with different thicknesses. The corresponding ARPES images
are shown in Fig. 4.7. The monotonic reduction for all films (except 50QL for
T > 275K) of the resistance with decreasing temperature clearly indicates a metallic-
like behavior for all samples. Below 25K the sheet resistance saturates. There are
no significant changes between the cooling-down and warming-up curves observable,
demonstrating the high stability of the film and the contact procedure, as already
seen by the I -V characteristics. Slight variations can be explained by changes in the
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Figure 4.8: In situ transport properties of the Bi2Te3 thin films. (a) R◻ - T curves for
different sample thicknesses, ranging from 10QL to 50QL, demonstrating metallic
like behavior. The corresponding ARPES images are shown in Fig. 4.7. The cool-
down (blue) and warm-up (red) curves are shown for each thickness. (b) Variation
of R◻ vs. thickness at low (blue dots) and room temperature (red dots). (c) Charge
carrier concentrations (green triangles) calculated from the ARPES spectra and
resulting mobility values for the different film thicknesses at room temperature (red
dots) and 14K (blue dots). The dashed lines are guides to the eye.
cool-down speed, because the cooling is done manually by controlling the (liquid)
He flow rate with a leak valve, i.e. by means of the so-called down-stream method.
In contrast to the expectations for ideal surface conductivity of a topological
insulator, the sheet resistances of the Bi2Te3 film with different thicknesses display
a spread with a tendency for lower resistances with increasing film thickness. The
variations of the sheet resistance versus thickness at room temperature and low
temperatures (14K) are depicted in Fig. 4.8(b). However, it is obvious that the sheet
resistance does not scale inversely proportional to the film thickness. Instead, the
obtained values vary by a factor of only 1.3 at 14K and 1.5 at 295K, while varying
the thickness by factor of 5 (10 to 50QL). This low variation in sheet resistance is
a clear evidence that the conductivity is indeed dominated by the surface in these
Bi2Te3 films. However, the variation of the sheet resistance, with higher values at
room temperature, also indicates that still some minute amounts of defects and/or
impurities are present and, contribute to the conductivity. This might also explain
the reduction of R◻ for T > 275K for the 50QL film. Nevertheless, Figure 4.8(b) also
displays that the sheet resistance is practically constant for films thicknesses ≳ 20 –
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30QL. This may indicate that these bulk defects develop during the initial stages of
the thin film growth. The variation of the position of the Dirac point (topological
charge carrier concentration) appears not to correlate with the scattering of the
measured sheet resistance.
Figure 4.8(c) shows the corresponding two dimensional mobility values µ for the
different thicknesses, obtained from the sheet resistance and charge carrier concen-
trations according to:
µ = 1
nS ⋅ e ⋅R◻
(4.2)
The average mobility of the Bi2Te3 films is in the range of 3000 cm2/Vs, with maxi-
mum values of 4600 cm2/Vs at 14K and 1600 cm2/Vs at room temperature. These
mobilities are in the region of the highest values reported so far for Bi2Te3 thin films,
determined by the same method through kF [22, 132]. However, most reliable results
for the charge carrier concentration, and subsequently the mobility, are gained by
Hall experiments. Therefore, it is planned to upgrade the transport setup by the
capability to perform in situ Hall measurements.
Similar to graphene, the R◻ vs. T behavior for 3D topological insulator thin films
is predicted to follow the electron-phonon scattering mechanism, described by the
quasi-classical Boltzmann transport theory [129, 133]. At low temperatures this
theory proposes a ρ ∝ T 4 behavior, and ρ ∝ T at high temperatures. Within
this theory the Bloch-Grüneisen temperature TBG = 2h̵kF cS/kB defines the cross-
over from the low to the high temperature regime. Here, kB is the Boltzmann
constant and cS denotes the speed of sound in the material (c̄Bi2Te3S =2200m/s).
With the values for kF determined from the corresponding ARPES spectra, one
obtains a Bloch-Grüneisen temperature of about TBG ≈ 22K for these Bi2Te3 films
[19]. The lowest attainable temperature of the present in situ transport setup is
13K, thus the low temperature regime (T ≪ 22K) is not experimental accessible.
In the high temperature limit T ≫ TBG the expected linear R◻ vs. T behavior can
be observed above ∼ 90K. However, especially thicker Bi2Te3 films (30 and 50QL)
display a deviation from the linear behavior above ∼ 230K, cf. Fig. 4.8(a). The
underlying mechanism of the decreasing resistance could be attributed to thermally
activated charge carriers. However, further experiments, especially on thicker Bi2Te3
films, need to be carried out to clarify the microscopic mechanism of the observed
deviation.
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Several studies report that air exposure causes degradation of the TI samples, as seen
by n-type doping due to band bending effects in ARPES [16, 18, 56, 57]. Hence, to
achieve reliable results of the transport properties of TI, all the previous experiments
were conducted entirely in situ. Inside the UHV chamber with pressures in the low
10−10 mbar range, the Bi2Te3 thin films show no sign of deterioration, neither by
ARPES or resistance measurements, even after storage of more than a week. This
indicates that the concentration of the typical residual gases in UHV (H2, CO, CO2,
O2 and traces of H2O) is too low to induce measurable degradation and/or that the
surfaces of the Bi2Te3 films are inert [127, 134]. As for bulk samples, which typically
display a high Te defect concentration, aging effects within hours after cleavage in
UHV are observed [9, 61, 84, 135].
In an attempt to assess the results of ex situ performed conductivity experiments,
the influence of atmospheric contaminants on the electrical transport properties
of pristine topological insulator surfaces will be investigated within this chapter.
Furthermore, the selected atmospheric species which may cause the degradation of
the TI properties will be analyzed.
5.1 Effect of air exposure on the electrical
conductivity of Bi2Te3 surfaces
Having the capability to perform conductivity measurements in situ, the influence
of contaminations can be quantified making use of the possibility to executed ex-
periments on the pristine and the contaminated surface of one and the same Bi2Te3
sample.
The effect of 5min air exposure on the sheet resistance and electronic structure of
a 10QL Bi2Te3 film is depicted in Fig. 5.1. In this experiment, after characterizing
the pristine surface, the sample was exposed to ambient conditions for 5min, and
subsequently introduced back into the load lock for pumping down to UHV con-
ditions over night (12 hours). No further treatments, like heating or exposing to
solvents, were carried out, which are usually required while applying contacts with
Ag-paint or lithographic processes.
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K.Hoefer et al. PNAS, 2014, 111, 14979-14984 
down shift of ≈50meV  
≙ < 1% of a monolayer coverage 
 KH096, air exposure 
Γ − (a) (b) 
Figure 5.1: Effect of 5min air exposure on the electrical resistance and electronic
band structure. (a) R◻ vs.T for a 10QL Bi2Te3 thin film as grown (blue and red
curve) and the same film after exposure to air for 5min and being again 12 hours
in vacuum (green and yellow curve). The air exposure causes a decrease in sheet
resistance by 200W. (b) Corresponding ARPES spectra and intensity profile at the
Γ̄ point. Due to the occupation of the BCB, the indirect band gap of the Bi2Te3
films can be determined to Egap ≈ 145meV.
Compared to the pristine surface the sheet resistance still displays a metallic be-
havior. However, from Fig. 5.1(a) a average drop of about 200W of the resistance
is clearly observable. ARPES (Fig. 5.1(b)) reveals the electronic cause of the low-
ered resistance: whereas for the pristine Bi2Te3 surface only the topological surface
states are intersecting the Fermi level, after air-exposing the sample demonstrates
a downward shift of the chemical potential by about 50meV. This shift, and the
filling of the BCB is clearly visible in the intensity profile at the Γ̄ point (left panel
of Fig. 5.1(b)). Although after air exposure all features of the electronic structure
remain intact, especially the topological surface states due to the downward shift
of the Fermi level, the BCB becomes occupied. The bottom of the BCB is located
about 5meV below the Fermi level. Hence, the conductance of the Bi2Te3 film is no
longer caused by the topological surface states exclusively; an additional channel of
non-topological charge carriers of the BCB contributes to the measured resistance.
Based on the shift of the chemical potential, observed in ARPES, the amount
of additional charge carriers can be estimated. For 2D Dirac materials the charge
carrier concentration follows:
nS =
1
4π
ε2F
(h̵vF )2
∝ ε2F (5.1)
Consequently, the upward shift of the Fermi level towards the BCB by 50meV would
cause about 75% more charge carriers from the SS. In addition, one has to take into
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account the non-topological charge carriers arising from the occupation of the BCB
after air exposure. Considering the formation of 2D quantum well states at the sur-
face, induced by band bending effects from the adsorbates, the 5meV occupation of
the BCB can be estimated in a simple model to cause a total of ≈ 83% more charge
carriers than on the pristine Bi2Te3 film, i.e. several 1012 cm−2. This estimate does
not include thermally activated population of higher states. The quantification to
what extent these additional charge carriers will affect the measured resistance, in
particular the ratio of topological and non-topological states, is actual not straight-
forward. The surface contaminations will also reduce the carrier mobility due to
scattering processes at the adsorbates, because only backscattering in TI is per-
mitted. This becomes clear when estimating the resistance of the exposed sample,
based on the additional charges extracted from ARPES, following Eqn. 4.2. Assum-
ing a constant mobility µ the resistance would be reduced to about 480W, much
less than the measured sheet resistance of 720W at 14K after air exposure. Thus,
taking into account the 83% additional charge carriers, the total mobility is reduced
by ≈ 35% due to the contaminations. However, these estimates are based on very
simple models for the carrier concentrations as well as for the transport properties.
Nevertheless, the direct comparison of the resistance of a pristine Bi2Te3 surface and
after air exposure indicates that ambient conditions cause shifting of the Fermi level
out of the band gap into the BCB, resulting in a reduction of the resistance due to
the contribution of non-topological charge carriers.
It should be emphasized, that the performed air exposure experiment may still
not reveal the full impact of the contaminations during ex situ transport experi-
ments. The Bi2Te3 film was exposed to ambient conditions only for 5min. Further
on, before the transport and ARPES measurements were conducted, the film could
recover for 12 hours in UHV (pumping of the Load-Lock over night). From equation
5.1 one can calculate that less than 0.01 charges/electrons are required to shift the
Fermi level of one Bi2Te3 unit cell by 50meV. This implies that the areal density of
the contaminants left adsorbed is, therefore, only a fraction of the full coverage pos-
sible (1014 ∼ 1015 cm−2) under ambient conditions, i.e. < 1% of a monolayer coverage.
Thus, the results of ex situ transport experiments might be affected much stronger
at ambient conditions than the observed reduction from 860W to 720W at 14K.
A concomitant of the occupation of the BCB during the air exposure experi-
ment is the possibility to determine the indirect bulk band gap of the Bi2Te3 films.
The energetic separation between the BVB and the BCB, observed in the ARPES
spectrum after 5min air exposure in Fig. 5.1, is ∼ 145meV, which agrees well with
reported theoretical and experimental values [9, 31].
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5.2 Determination of the contaminants causing
degradation of the TI properties
To protect the TI properties from influences through ambient conditions the type of
contaminants causing the shift of the Fermi level needs to be identified. Although
the amount of contaminants after air exposure was below the detection limit of XPS
(< 1% of a monolayer coverage), most prominent candidates to cause the changes of
the chemical potential are oxygen and water; nitrogen and carbonates might play a
role as well.
⇒Oxygen has no effect  ⇒ down- shift 
⇒ excellent Te stoichiometry ⇒ water donates charge 
pristine 
Κ  Κ Γ  − − − − − − 
Bi2Te3 on BaF2(111),25QL  KH072, surface contamination 
exposure to O2 
10-6 mbar/ 10 min 
Κ  Κ Γ  
exposure to air  
10-2 mbar/ 5 min 
Κ  Κ Γ  − − − − − − 
Γ − (a) (b) 
Figure 5.2: Effect of exposure to different gases. (a) ARPES images of the pristine
surface, after exposure to pure oxygen, and after air exposure. (b) The correspond-
ing intensity profiles at the Γ̄ point. The Bi2Te3 film behaves inert towards oxygen,
indicating an essentially perfect Te stoichiometry on the surface. Thus most proba-
bly water/moisture in the air causes the observed alteration of the chemical potential
upon air exposure.
First, the effect of oxygen of the Bi2Te3 thin films was investigated by exposing a
25QL sample to pure oxygen at a pressure of 1⋅10−6 mbar for 10min inside the MBE
chamber. Figure 5.2 displays ARPES results of the pristine surface and after oxygen
exposure, respectively. The spectra reveal no effect on the electronic band structure.
Most importantly, the chemical potential is not changed. This is best demonstrated
by the intensity profile at the Γ̄ point, cf. Fig. 5.2(b); the red (pristine) and green
curve (oxygen exposure) lie exactly on top of each other. Consequently, pure oxygen
can be excluded as a source of deterioration of the Bi2Te3 surfaces. This finding is in
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Figure 5.3: Left: Te 3d and Bi 4f XPS core level spectra of the pristine Bi2Te3 surface
(red), after oxygen (green), and air exposure (blue). Right: Core level spectra of
typical contaminants: carbon (top) and oxygen (bottom). Only some adventitious
carbon is visible after air exposure. Other contaminants are not present, i.e. below
the detection limit of XPS. To enhance the contribution of the topmost surface, the
experiments were done at a take-off angle of 60° to the surface normal.
contrast to other studies on Bi2Te3 films, in which aging upon adsorption of oxygen
has been observed [17, 136]. Apparently, the inertness of the thin films towards
oxygen is an evidence for the essentially perfect stoichiometry, i.e. for the absence of
Te vacancies at the surface. Theoretical calculations and simulations demonstrate
that Te vacancies need to be present for reactions of oxygen with the Bi2Te3 surface
[127, 134]. Furthermore, XPS measurements reveal no changes in the Te and Bi core
levels, which otherwise would give hints for oxidation, see Fig. 5.3.
In the next step this sample was exposed to 10−2 mbar air for 5min. Already this
leads to a downward shift of the chemical potential by about 40meV. The bump
around +50meV in the blue intensity profile of Figure 5.2(b) clearly demonstrates the
occupation of the BCB through thermally activated electrons at room temperature.
The corresponding ARPES spectrum only displays a faint occupation of the BCB.
The XPS core level lines of Te 3d and Bi 4f show no significant change in their line
shape; nevertheless, a tiny shift of the binding energy is noticeable. This behavior
indicates that the presence of contaminants changes the position of the chemical
potential because of band bending effects. However, no chemical reactions with the
Bi2Te3 sample surface occur within this time scale. XPS at a take-off angle of 60°
was subsequently used to search for contaminants containing carbon, oxygen, and
nitrogen. Please refer to the right panel of Fig. 5.3. Nitrogen was never detected and
is therefore not displayed. The triple bonding within the nitrogen molecule (N ≡ N)
makes it furthermore very inert and thus, unlikely to react with the Bi2Te3 surface.
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 KH063 Contamination transport   
after transport pristine 
Κ Γ  
− − − 
Κ Κ Γ  
− − − 
Κ 
Γ − (a) (b) 
Figure 5.4: Bi2Te3 film degradation during the thermal cycle caused by residual
gases present in the transport chamber at 6⋅10−10 mbar. (a) The warm up (red)
R◻ - T curve differs remarkably from the cooling curve (blue). It displays a steep
increase in the temperature range of 120K to 150K. These values matches with the
evaporation temperature of water at this pressure range. (b) The ARPES spectra
of the Bi2Te3 film measured on the pristine surface and after the transport are
consistent with the observed reduction of R◻.
Whereas also oxygen is always below the detection limit, carbon appears in the XPS
after air exposure. The C 1s peak is located at ∼ 284 eV binding energy, indicating
the presence of adventitious carbon (C −C) on the Bi2Te3 surface [137, 138]. This
kind of carbon is commonly detected on air-exposed samples. Carbonates can be
excluded due to the absence of an equivalent amount of oxygen in the spectrum. The
binding energy of carbon in carbonates is about 286 eV (CO) and higher (288.5 eV,
O −C = O) [138].
Although solely adventitious carbon could be detected after exposing the Bi2Te3
film to air, this species is unlikely to cause band bending effects because of its non-
polar character. Since less than 1% of a monolayer coverage is sufficient to shift the
spectrum by 50meV, the amount of contaminants (< 1012 cm−2) causing the band
bending might be below the detection limit of the XPS.
Indications that water is the actual contaminant causing the upward shift of the
chemical potential into the BCB could be found during the first tests after commis-
sioning the new transport setup. During the first bake-out the baking temperatures
were set to not exceed ∼ 120℃, to protect the two mounted Si-diodes. Further-
more, the position of turbo molecular pump (Pfeiffer HiPace80) did not allow an
efficient pumping. Thus, at this time the base pressure of the chamber reached only
6⋅10−10 mbar. Figure 5.4 represents the experimental results gained by the tempera-
ture depended resistance measurements of a 25QL Bi2Te3 film. Although the used
68
5.3 Long-time resistance behavior of a Bi2Te3 film exposed to traces of
contaminants
DC-mode makes the Rvs. T curve somewhat noisy, the warm-up curve (red) differs
remarkably from the cooling curve (blue), cf. Fig. 5.4(a). Whereas the cooling curve
still displays an almost linear metallic-like behavior, during warm-up the resistance
increases non-linearly with temperature with a steep increase in the region of 120K
to 150K. At room temperature the resistance value settles at 1100W, about 200W
less than on the pristine surface. ARPES measurements conducted subsequently to
the transport experiment revealed that also in this case the Fermi level was shifted
upward by about 60meV, with subsequent occupation of the BCB at room temper-
ature. Apparently, even the amount of contaminants present in the mid 10−10 mbar
range is sufficient to cause band bending and affect the TI properties. By comparing
the reduction of the sheet resistance from 1300W to 450W upon cooling, with the
results of the 20QL Bi2Te3 film under perfect vacuum conditions (1250W at 295K
to 650W at 14K), shown in the previous chapter (Fig. 4.8(a)), it is evident that
already at 14K the resistance is about 200W less. Apparently, during cooling the
contaminants condensate on the Bi2Te3 surface resulting in a gradual upward shift
of the chemical potential, and thus lowering of the sheet resistance. The fact, that
most of the contaminants recondense at about 150K (steep rise in resistance) leads
to the conclusion that water (H2O, OH−) is the likely cause of the shift of the Fermi
level, because water evaporates at about 150K in the 10−10 mbar pressure range
[139]. However, even at room temperature some traces of water contaminations per-
sist on the Bi2Te3 surface, causing the shift observable in ARPES, see Fig. 5.4(b).
This is also in agreement with the poorly baked chamber, where residual water is
most likely to occur. Furthermore, water, and especially OH−, is the most probable
species causing the band bending due to its polar character.
5.3 Long-time resistance behavior of a Bi2Te3 film
exposed to minimal traces of contaminants
The observation, that the Bi2Te3 sample surface becomes degraded even in the mid
10−10 mbar pressure range by even tiny traces of residual water, was used to perform
a long-time resistance experiment at room temperature. This allows to observe the
changes happening immediately at air on an extended time scale. The determining
factor here is the so-called mono-time, the time necessary to form a monolayer of
contaminants of the surface [139]. It is self-evident, that the mono-time is pressure
dependent: the more residual particles are left the faster the monolayer formation
occurs. A rough estimate for the mono-time tmono is given by [139]:
tmono [s] ≈
3.2 ⋅ 10−6
p [mbar] (5.2)
Here, p is the pressure or partial pressure of the species of interest. The sticking
probability of the contaminants is assumed to be one. Taking into account only the
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partial pressure of water, which is about 10mbar at 23℃ and ∼ 40% air humidity
present in the laboratory, and ∼ 2⋅10−10 mbar in the transport chamber at this time,
the monolayer formation time is in the sub-µs range at ambient conditions, and
about 5 hours in UHV, respectively. In a well-baked UHV system, e.g the MBE
chamber, the mass spectrometer records the partial pressure of water (mass number
18) typically with less than 3⋅10−11 mbar (tmono ≈ 33 h). Hence, this long-time exper-
iment allows to observe processes, which take place within µs at ambient conditions,
on the time scale of hours. However, these are just rough estimates; beside other
effects, especially at room temperature there is an ongoing process of condensation
and partially re-condensation of the contaminants, making the assumed sticking of
100% rather unlikely. KH080 long-time transport   
after 24 days pristine 
Κ Γ  
− − − 
Κ Κ Γ  
− − − 
Κ 
(a) (b) 
Figure 5.5: Long-time evolution of the properties of Bi2Te3 upon exposure to mini-
mal traces of contaminants. (a) Development of the room temperature sheet resis-
tance of a 17QL film stored in the transport chamber at 6⋅10−10 mbar over 24 days.
(b) Corresponding ARPES images of the pristine surface and after 24 days.
Figure 5.5(a) depicts the development of the room temperature sheet resistance
of a 17QL Bi2Te3 film monitored over a time period of 24 days, stored in the trans-
port chamber at 6⋅10−10 mbar. On the pristine Bi2Te3 surface the topological surface
states are clearly visible in ARPES, see Fig. 5.5(b). The R◻ vs. time diagram displays
a strongly non-monotonic behavior. The sheet resistance of the pristine surface is
1280W. However, already within the first 30min the resistance is reduced by about
15W. The resistance gradually decreases further for the next 36 hours to a minimum
value of 1080W, about 200W less than on the pristine Bi2Te3 surface. This magnitude
of reduction is similar to the values observed on Bi2Te3 films upon air exposure for a
short time period (5min), cf. Fig. 5.1. Remarkably, in the following 6 days the sheet
resistance rises again by ∼ 100W (R◻ ≈1180W). Continued storage in the transport
chamber, at 6⋅10−10 mbar, leads to a gradually lowering of the sheet resistance. After
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longer observation time this saturates at approximately 900W. Apparently, several
processes take place simultaneously on the Bi2Te3 surface affecting the conductivity
of the TI during this long-time experiment. ARPES and XPS were used to examine
the origin of the observed changes in the conductivity of the Bi2Te3 thin film. These
experiments were only performed on the pristine surface and after 24 days, in an
effort not to influence the resistance by sample transfer and several contacting cycles.
After 24 days in the chamber, the ARPES of this sample displays a very blurry
spectrum (Fig. 5.5(b)) caused by scattering at the strongly disordered and contam-
inated surface. The features of the bulk valence band and the SS are not longer
visible. However, a slightly higher intensity below −0.2meV and in the region be-
tween 0.0 and −0.1 meV might be attributed to the BVB and BCB, respectively,
indicating strong n-type doping of the surface. Whether the topological surface
states are destroyed or just not resolvable in ARPES, can not concluded properly
based on the ARPES image, due to strong scattering of the escaping photoelectrons.
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Figure 5.6: XPS core level measurements of the pristine (red) Bi2Te3 surface and the
film after being stored for 24 days in the “dirty” transport chamber at 6⋅10−10 mbar.
Left: Te 3d and Bi 4f of Bi2Te3 reveal changes of the stoichiometry after the long-
time experiment, i.e. a Te deficiency. Right: The detection of oxygen at ∼ 533 eV
indicates the presence of water on the surface. Furthermore, small traces of adven-
titious carbon are present.
Core level XPS measurements on the pristine surface and after 24 days reveals no
obvious oxidation of the Te top layer, as indicated by the absence of a TeO2 peak at
∼576 eV [140, 141]. This observation is supported by the fact that the oxygen core
level peak (O 1s) appears only at about 533 eV, attributed to water on the surface
[142], and not at 530 eV which would be assigned to oxygen in a O−2 configuration,
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e.g. TeO2. Nevertheless, the XPS display a shift to higher binding energies and
broadening of the Bi2Te3 core levels. The developing shoulder at the Bi 4f peaks
and the increase in intensity indicates a loss of Te, supporting that the assumed
n-type doping of the Bi2Te3 surface, faintly visible in ARPES, is caused by changes
of the stoichiometry. Furthermore, traces of adventitious carbon are detectable after
prolonged time inside the UHV chamber, however, the intensity of carbon is only a
quarter of the oxygen intensity.
Based on the recorded XPS, ARPES, and the information gained from previ-
ous air exposure experiments, a possible explanation of the time dependence of the
sheet resistance of the Bi2Te3 thin film can be given: during the first 36 hours phy-
sisorption of contaminants on the Bi2Te3 surface takes place, shifting the chemical
potential upward to the bottom of the BCB, thereby causing the commonly ob-
served 200W reduction in sheet resistance. Although after 36 hours the amount of
contaminations should be much larger than 1% of a monolayer, the band bending
effects will not shift the Fermi level much further into the BCB. This is because a
higher charge carrier concentration and/or Te vacancies will be necessary to cause
increasingly n-type doping of the Bi2Te3 sample. Furthermore, the raising amount
of contaminants adsorbed on the Bi2Te3 surface causes scattering, diminishing the
mobility [54], so that the recorded sheet resistance value raises again. However, af-
ter a certain time period –in this case several days– the adsorbed contaminants and
residual reactive gases start reacting with the Bi2Te3 surface (chemisorption). This,
in consequence, results in the successive Te loss observed in XPS (Fig. 5.6) and the
n-type doping of the film surface. The high non-topological charge carrier concen-
tration in the BCB gives rise to an additional conductance channel, indicated by the
gradually decreasing resistance monitored over the time period of more than 14 days.
The experiments performed to study the influence of ambient atmosphere, and
non-perfect UHV conditions on intrinsically insulating Bi2Te3 films show, that al-
ready traces of contaminants (< 1% coverage of a monolayer) are sufficient to shift
the Fermi level away from the bulk band gap into the bottom of the BCB. As a
result, the conductivity increases and is no longer determined by the topological
surface states alone. Stoichiometric Bi2Te3 with essentially no Te vacancies is inert
towards oxygen exposure, thus oxidation can be excluded as a source of degrada-
tion. However, after long exposure and contact to the adsorbents, reactions of the
Bi2Te3 surface occur, causing heavy n-type doping. In any case, the non-topological
bulk charge carriers then mask the transport properties of the topological SS, em-
phasizing the importance for performing transport experiments in an essentially
contamination-free environment to gain reliable information on the unique proper-
ties of the TI. Alternatively, methods need to be developed to cap and protect the
TI so that their unique properties can be revealed by other measurements using
equipment operating at ambient conditions.
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bulk-insulating Bi2Te3 thin films
The MBE grown Bi2Te3 films presented in this thesis exhibit bulk-insulating be-
havior, i.e. the conductivity is dominated by the topological surface states. How-
ever, the intrinsic conduction of bulk-insulating Bi2Te3 can so far only be observed
when performing the experiments under UHV conditions. Already tiny amounts of
contaminants cause the BCB to get filled with electrons, resulting in an extra non-
topological conduction channel. For instance, to allow STM or sophisticated photoe-
mission experiments at synchrotron facilities, the TI thin film needs to be transfered
to the dedicated setup without breaking of the vacuum conditions. Moreover, not
all types of experiments can be conducted, without disproportionate efforts, under
UHV conditions, e.g. experiments in high magnetic fields. Therefore, to facilitate ex
situ experiments and to fabricate devices which make use of the nontrivial properties
of TI surface states, appropriate capping layers need to be identified and applied,
which preserve the Dirac surface states and particularly the position of the chemical
potential.
It should be emphasized that whether or not and to what extent the capping ma-
terial influences the Bi2Te3, and in particular the position of the chemical potential,
also depends on the quality of the samples. It is obvious that bulk-insulating sam-
ples, with their low carrier concentration, are much more susceptible to alterations
than samples that demonstrate strong bulk contributions (n-type doped). Further
on, surface defects and Te vacancies might favor chemical reactions with the overlay-
ers. In this respect, capping materials also have been used in attempts towards band
structure engineering, aiming to bring the chemical potential inside the bulk band
gap of defective, non-bulk-insulating TI, e.g In2Se3 or MoO3 [143, 144]. However,
this is not the objective of this work.
When applying a protective layer on bulk insulating, and thus highly sensitive,
Bi2Te3 films, the interface is the most critical part. Therefore, the strategy is to
deposit the capping material under UHV conditions in a layer – by – layer fashion,
rather than applying the complete thickness of the capping material in one step.
After each deposition step the properties of the Bi2Te3, in particular those of the
surface states, where monitored using in situ XPS, ARPES and conductivity mea-
surements. Furthermore, RHEED and LEED were used to qualitatively determine
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the structure and morphology of the capping materials deposited on Bi2Te3 thin
films.
Beside the fact, that the capping must not affect the properties of the TI, also
interference with the conducted measurement needs to be prevented. Thus, various
experiments may require specific capping materials, e.g. insulating for transport
studies, optical transparency, or removability. In this chapter the results of two
different capping materials (BaF2 and Te) are presented, which were tested for their
protection capabilities.
6.1 Capping with BaF2
BaF2 is highly insulating and optically transparent over a wide region of wave-
lengths (λ ∼ 200 – 1000 nm) [145], due to its large band gap of Egap ∼9 eV. These
properties, and the almost perfect lattice match to Bi2Te3, make BaF2 not only
an ideal substrate material, but also a promising capping material for Bi2Te3 thin
films. Transport measurements of the conducting TI surface would not be affected
by a parallel resistance from the BaF2. Furthermore, it could be used as a tunnel
barrier material [146], and allows for optical experiments. However, the drawback
of BaF2 is its high (re-)evaporation temperature (∼ 900℃), making a de-capping by
thermal desorption impossible without decomposing the Bi2Te3 thin film. Hence,
BaF2 will not be suited to protect the TI for transfer to dedicated surface sensitive
measurement facilities, requiring pristine Bi2Te3 surfaces, like STM or ARPES.
6.1.1 MBE growth and structure of BaF2 on Bi2Te3 thin films
BaF2 was evaporated from the compound by a standard Luxel Knudsen cell, mounted
in the Load-Lock chamber. As a source material broken BaF2 substrates were used,
since these are very clean and contain much less contaminants compared to available
BaF2 powder material. BaF2 was deposited on the Bi2Te3 films at room tempera-
ture with a flux rate of 1Å/min at TBaF2 ≈ 880℃. Considering epitaxial growth of
the BaF2 along the (111) direction, one monolayer (ML) corresponds to a thickness
of 2.7Å. The lattice constant of cubic BaF2 is aBaF2 = 6.19Å. BaF2 was deposited in
total thicknesses of ∼ 3Å (1ML), ∼ 5Å (2ML), and ∼ 8Å (3ML). During deposition
the pressure in the Load-Lock chamber rose to pLL = 5⋅10−9 mbar. To exclude degra-
dation effects of the Bi2Te3 film arising from the elevated pressure, a sample was
introduced into the chamber for 5min, without deposition of any BaF2. ARPES
measurements reveal no effect on the Bi2Te3 properties due to the higher pressure
that is present during the subsequent BaF2 deposition.
Figure 6.1 displays the RHEED and LEED pictures taken after each step of BaF2
deposition. The RHEED pattern remains streaky without any spots or ring-like fea-
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+3ML (~8Å) +2ML (~5Å) +1ML (~3Å) pristine 
Capping with BaF2: KH108 
Figure 6.1: RHEED (upper row of panels) and LEED (lower) images of 23QL Bi2Te3
film taken at different states of BaF2 capping. LEED was not done on the pristine
surface, since it is known from previous experiments to shift the chemical potential
slightly. The electron energy was set to 50 eV for the LEED measurements.
tures, demonstrating epitaxial growth of BaF2 along the (111) direction on Bi2Te3 at
room temperature. The BaF2 refraction pattern cannot be distinguished from those
of Bi2Te3, however, with growing BaF2 overlayer thickness, the RHEED streaks are
broadened and the background intensity increases. This observation indicates in-
creasing roughening of the surface morphology. All the LEED images are recorded at
50 eV electron energy. LEED of the pristine Bi2Te3 was not conducted, because ear-
lier experiments showed that the usage of LEED can already cause an upward shift
of the chemical potential by about 20meV. Nevertheless, based on the comparison of
RHEED and ARPES conducted on samples grown earlier, one can expect a trigonal
LEED pattern of the pristine Bi2Te3 surface as shown in Fig. 3.9(d). Upon adding
the BaF2 capping material the LEED features also become less intense compared to
the background, due to scattering of electrons at the insulating BaF2. Faint spots
in a hexagonal configuration can be attributed to the structure of the thin BaF2
layer. However, it should be noted that also a slight off-set of the LEED energy can
cause probing of the deeper layers of the Bi2Te3 film; e.g. at 56 eV Bi2Te3 displays a
six-fold symmetry from the hexagonal layers.
6.1.2 Electron spectroscopy and electrical transport properties
of BaF2 capped Bi2Te3
ARPES images recorded after each BaF2 deposition step are shown in Fig. 6.2.
Whereas the pristine Bi2Te3 clearly displays bulk-insulating behavior, as early as the
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Figure 6.2: ARPES spectra and the intensity profile at the Γ̄ point of the pristine
23QL Bi2Te3 film and the same film capped with 1ML, 2ML and 3ML BaF2,
respectively. Upon depositing the BaF2 overlayers the Bi2Te3 reveals an increasing
upward shift of the chemical potential.
first monolayer of BaF2 is deposited, a drastic upward shift of about 100meV of the
chemical potential into the BCB is observable. Continued deposition of BaF2 leads
to further shifts (additional 50meV) in the band structure and occupation of the
BCB, such that the BVB is not visible anymore within the measured energy region.
Furthermore, the topological SS are not resolved unequivocally any longer. After
an additional monolayer of BaF2 (3ML) the electronic structure is only marginaly
changed. However, the overall ARPES image becomes blurred due to scattering
at the insulating overlayer, consistent with LEED. Obviously, the Bi2Te3 surface
becomes strongly n-type doped.
Angle integrated UPS spectra taken up to 5 eV, clearly display changes of the
electronic structure during capping with BaF2; see the left panel of Fig. 6.3. Be-
side the suppression of the Bi2Te3 intensity and the shift of the chemical potential,
the features of Bi2Te3 (red curve) remain visible after the deposition of the first
monolayer (yellow curve). With further deposition (≥ 2ML BaF2) the Bi2Te3 signal
vanishes and the spectra becomes dominated by features of the BaF2 overlayers at
2 – 3 eV. However, the strong spectral weight at the Fermi level can not be attributed
to the insulating BaF2, this peak thus must be arising from the chemically changed
Bi2Te3 underneath, which can be detected through the band gap of BaF2. The
probing depth of UPS using He I light (21.2 eV) is of the order of 5Å, in the case of
an insulating material [101].
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Figure 6.3: UPS spectra and XPS core level spectra of the 23QL Bi2Te3 film at
different stages of the BaF2 overlayer deposition. The UPS spectra demonstrate
strong changes of the Bi2Te3 valence band with increasing spectral weight at the
Fermi level. The Te 3d and Bi 4f core levels show a slight shift towards higher
binding energy. Due to the increasing BaF2 overlayer thickness the intensity is
gradually reduced.
Core level XPS spectra (Te 3d, Bi 4f ) of the Bi2Te3 film with increasing BaF2
thickness are shown in the right panel of Fig. 6.3. The intensity of the Bi2Te3 core
level lines decreases equivalently to the increasing BaF2 overlayer thickness. Fur-
thermore, they are shifted by about 100 – 150meV, as already observed in ARPES.
However, whereas the Te line shape remains symmetric, the Bi 4f develops a slight
shoulder at about 0.5 eV lower binding energy. Apparently, the stoichiometry of the
Bi2Te3 is changed upon BaF2 deposition. For a better comparison of the Bi2Te3 core
level spectra of the different BaF2 thickness, they were normalized to the Te 3d5/2
peak intensity and compensated for the shift in binding energy. The result of the
normalization is displayed in Fig. 6.4. During the deposition of up to three mono-
layers of BaF2 the Te 3d becomes only marginally broadened. However, after the
normalization and compensation for the energy shift of the Bi 4f core level, one
can clearly observe the reduction of the peak intensity at 157.5 eV while a shoulder
at about 0.8 eV lower binding energy successively develops. The peak position at
∼ 156.7 eV can be assigned to metallic Bi [142].
Apparently, the deposition of BaF2 causes a loss of Te at the Bi2Te3 surface. Due
to the normalization to the Te 3d, this is indirectly observed by the appearance of el-
emental Bi in the XPS core level spectrum, which does not longer have a Te bonding
partner. This Te deficiency (Bi2Te3−x) explains the heavily n-type doped ARPES
spectrum. A possible explanation for the Te loss might be the formation of BaTe
at the interface. Boulais et al. [147] reported the formation of a Ba–Te surface on
GaAs (100) substrates exposed first to Te and subsequently to BaF2 flux. Further
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Figure 6.4: Normalized XPS Te 3d and Bi 4f core level spectra of the Bi2Te3 film
at different BaF2 deposition stages. The spectra are normalized with respect to the
Te 3d peak and shifted in energy. A shoulder develops in the Bi 4f core level lines at
lower binding energy, which is related to elemental Bi, indicating a progressive loss
of Te.
on, impinging BaF2 molecules and radiation heat from the evaporator (T ≈ 900℃)
might desorb fractions of the topmost Te layer of Bi2Te3 surface.
In situ sheet resistance measurements, carried out after each step of BaF2 de-
position, are in good agreement with the n-type doping observed by ARPES. The
results of the sheet resistance recorded at room temperature in dependence of the
BaF2 coverage are depicted in Fig. 6.5. Obviously, the spring loaded 4-point probes
of the transport setup can mechanically pierce through the insulating BaF2 over-
layer, and electrical contacts with the Bi2Te3 film are realized. The pristine 23QL
Bi2Te3 film has a sheet resistance of 1350W, well within the resistance range for
the bulk-insulating Bi2Te3 films fabricated within this thesis (cf. chapter 4). Upon
growing the first monolayer of BaF2 the value drops by about 150W. Compared
to the air exposure experiments the BCB here is occupied much higher. However,
the lower reduction of the resistance is not contradictory considering a highly re-
duced mobility of the non-topological charge carriers and a disturbance of the TI
SS. By applying a second monolayer of BaF2 the spectral weight at the Fermi level
is strongly increased, see the green curve of the UPS spectra in Fig. 6.3. This high
charge carrier concentration causes an additional drop in sheet resistance by ∼ 400W
(R2MLBaF2◻ =825W). Further BaF2 deposition has only marginal influences on the
Bi2Te3 sheet resistance, in agreement to the ARPES spectra.
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Figure 6.5: Development of the room temperature sheet resistance of the pristine
23QL Bi2Te3 film upon stepwise deposition of BaF2.
The performed in situ structural, spectroscopic, and electrical conductivity exper-
iments reveal a strong impact of BaF2 on the Bi2Te3 properties. ARPES indicates
a strong upward shift of the Fermi level into the BCB, and progressively vanishing
signals from the topological surface states. The origin of the heavy n-type doping of
the Bi2Te3 film is found to be a Te loss at the Bi2Te3 surface. The following increased
non-topological charge carrier concentration is furthermore verified by a drop of the
sheet resistance. In conclusion, BaF2 is not a suitable material for capping and
protecting bulk-insulating Bi2Te3 thin films from environmental influences.
6.2 Capping with tellurium
The previous section showed that the mere deposition of a BaF2 overlayer already
changes the stoichiometry of the Bi2Te3 surface and consequently their properties.
The surface of Bi2Te3 is naturally Te terminated, thus Te might also be a suitable
capping material. Te has the advantage of a very low evaporation temperature (high
vapor pressure material), making it easy to deposit. In addition, this may also allow
for thermal desorption. Furthermore, it is already available in the MBE chamber
and thus can be deposited immediately after the Bi2Te3 growth.
It should be noted that amorphous Te or Se are already widely used as capping
materials [148–152]. However, from these studies it remains unclear whether the
intrinsic properties of the topological surface states are affected by the overlayer
because of the lack of information from the Te–Bi2Te3 interface. Moreover, recent
studies reported on alterations of the Bi2Te3 stoichiometry after removal by thermal
desorption of a Te or Se capping layer [150, 151]. The possibility that the observed
changes already occurred during the deposition cannot be excluded from these stud-
ies.
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This section presents the efforts to use Te as capping material for bulk-insulating
Bi2Te3 films. As in the case of BaF2, Te is deposited under UHV conditions in a
layer – by – layer fashion and the properties of Bi2Te3, especially those of the surface
states, are monitored after each step using RHEED, LEED, in situ photoemission
spectroscopy (XPS and ARPES), and in situ conductance measurements. Further-
more, the removal of the Te capping was investigated, and its ability to protect the
Bi2Te3 films against ambient influences was evaluated.
6.2.1 MBE growth and structure of Te on Bi2Te3 thin films
Figure 6.6: Crystal structure of Te. One unit cell of Te consists of helical chains
(emphasized in blue) of three covalently bonded Te atoms along the c-axis. Taken
from Ref. [153].
Te crystallizes in a trigonal crystal structure (space group P3121) with lattice
constants of a=4.456Å and c=5.927Å [154]. One unit cell (u.c.) of Te consists
of helical chains of three covalently bonded Te atoms along the c-axis, see Fig. 6.6.
The lattice mismatch to Bi2Te3 is about 1.6%. The Te capping was conducted in
steps, such that its total thickness resulted in 1 u.c. (∼ 6Å), 2 u.c. (∼ 12Å), 5 u.c.
(∼ 30Å), 10 u.c. (∼ 60Å), and 20 u.c. (∼ 120Å). The Te flux rate was set to 1Å/min
with the Bi2Te3 kept at room temperature. To allow a complete characterization,
including LEED, without affecting the electronic structure and conductivity prop-
erties, the presented LEED measurements were preformed on a second sample. All
other results were conducted on a single Bi2Te3 film.
Figure 6.7 shows the RHEED and LEED pattern at 52 eV and 26 eV of a pristine
20QL Bi2Te3 film and the same film with different thicknesses of Te capping. LEED
of the pristine film depicts the known three-fold symmetry for single-domain Bi2Te3.
It should be noted, that the displayed LEED series is recorded at an electron energy
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+ 5 u.c. Te + 2 u.c. Te + 1 u.c. Te + 20 u.c. Te Bi2Te3, pristine 
Capping with Te: KH121/KH122 
52 eV 
26 eV 
Figure 6.7: RHEED and LEED patterns of a pristine 20QL Bi2Te3 film and the
same film at different stages (1 u.c. ∼ 6Å, 2 u.c., 5 u.c. and 20 u.c.) of Te capping.
The LEED images were recorded at 52 eV and additionally at 26 eV, to improve the
visibility of the diffraction spots of the Te overlayer.
of 52 eV, instead of optimally 50 eV, please refer to Fig. 3.10. This energy ensures
clearer pattern for thicker Te layers; however, some faint spots forming an hexagonal
pattern become visible for the pristine Bi2Te3 sample. Upon capping with 1 and
2 u.c. Te, additional RHEED streaks and LEED spots appear. The RHEED pat-
terns display sharp and intense features, indicating epitaxial growth with a smooth
morphology of the Te overlayer on the Bi2Te3 film even at room temperature. For
thicker Te films, ≥ 2 u.c., multiple structures appear in the LEED pattern, and the
features become less intense compared to the background. Nonetheless, as seen in
the LEED images taken at 26 eV electron energy, the Te spots remain sharp. These
observations demonstrate an epitaxial, but multi-domain growth mode, for thicker
Te capping layers. This is probably related to the 1.6% lattice mismatch between
Te and Bi2Te3, and strain relaxation in the thicker Te overlayers.
Whereas previous studies reported amorphous structures of the Te capping, the
slow Te flux rate of only 1Å/min favors an epitaxial growth even at room temper-
ature and for thicker (12 nm) Te capping layers. In contrast, as will be shown in
section 6.2.4, higher Te rates of about 8Å/min, result in rough, non-structured Te
films, which can be explained by an insufficient mobility of the Te ad-atoms at room
temperature.
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6.2.2 Photoelectron spectroscopy and electrical transport
properties of Te capped Bi2Te3
Photoelectron spectroscopy
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Figure 6.8: XPS of the Te 3d and Bi 4f core levels of the Bi2Te3 sample with Te
cappings of different thicknesses. The developing peaks at 583 eV and 573 eV are
attributed to the elemental Te. The inset displays the 1/e decay of the Bi 4f7/2
(157.5 eV) peak intensity with increasing Te thickness, displaying a full coverage of
the Bi2Te3.
XPS measurements of the pristine Bi2Te3 film exhibit the very narrow and sym-
metric Te 3d and Bi 4f core level lines, depicted by the red curve in Fig. 6.8. With
increasing Te thickness the intensity of the Bi 4f core level decreases without any
changes in line shape or energetic position indicating that the Bi is not chemically
affected by the Te capping. The Bi 4f7/2 core level at 157.5 eV displays an expo-
nential decay with an 1/e value of τ =22Å (∼ 4 u.c.), see inset of Fig. 6.8. This
value fits well the typical mean free paths of photoelectrons being created by 1–
1.5 keV photons, indicating the formation of a rather flat Te capping layer without
too many pinholes. Upon deposition of the Te overlayer the Te 3d line develops a
shoulder (1 u.c., yellow)/peak at about 0.8 eV higher binding energy with raising in-
tensity. This shouler/peak can be attributed to the applied elemental Te [140, 141].
For 12 nm Te capping (purple curve, 20 u.c. Te) the Bi2Te3 signal is not longer de-
tectable; only the elemental Te 3d3/2 and Te 3d5/2 peaks are visible at ∼ 583 eV and
∼ 573 eV, respectively.
82
6.2 Capping with tellurium
R  (@RT)= 924Ω R  (@RT)= 974Ω R (@RT)= 1009Ω 
Bi2Te3, pristine + 1 u.c. Te + 2 u.c. Te 
Μ Γ  − − − Μ Μ Γ  − − − Μ Μ Γ  − − − Μ 
Bi
nd
in
g 
en
er
gy
 (e
V)
 
Capping with Te: KH122 
(a) (b) 
Figure 6.9: a) ARPES spectra of a 20QL Bi2Te3 film and the same film capped
with 6Å (1 u.c.) and 12Å (2 u.c.) Te, respectively. The data were taken along the
Γ̄ − M̄ direction at room temperature. No obvious shift of the chemical potential is
detected. (b) Angle-integrated UPS spectra of the pristine Bi2Te3 and for different
thicknesses of the Te capping layers.
Figure 6.9(a) depicts the ARPES spectrum taken along the Γ̄ − M̄ direction of
the pristine Bi2Te3 film and the corresponding spectra with Te capping layers of 6Å
(1 u.c.) and 12Å (2 u.c.). The Dirac cone is clearly visible for all three measurements.
For all these thicknesses of Te capping the Fermi level remains located inside the
bulk band gap and is only intersected by the topological surface states. No signal of
the Bi2Te3 BCB is observed in ARPES. Most importantly, not only the dispersion
of the topological nontrivial surface states stays intact but also their filling, i.e. the
position of the chemical potential, remains essentially the same. This indicates that
the electronic structure of the pristine Bi2Te3 film, especially those of the SS, are
not affected by the Te capping; the Te neither introduces doping nor band bending
effects. However, due to incoherent scattering of the photoelectrons while escaping
through the Te overlayer, the background intensity increases with each step of Te
deposition. This, and the fact that the ARPES measurements are performed at
room temperature, causes an uncertainty of the determination of the Dirac point
and the valence band top (reference for possible energy shifts) of about 10–15meV.
The direct band gap of about 0.33 eV of Te allows the observation of the Bi2Te3
surface state features underneath the Te. For a Te capping ≳ 12Å (2 u.c.), the SS
and Bi2Te3 signal can no longer be differentiated from the background and the Te
bands, respectively (not shown). This limitation is attributed to the very small
probing depth, of the order of about 5Å, of the ARPES technique using He I light
of 21.2 eV [101].
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Figure 6.9(b) displays the angle-integrated UPS spectra of the pristine Bi2Te3
(red curve) and with different thicknesses of Te capping (rainbow colors). Evidently,
the Bi2Te3 features near the Fermi level up to 2 eV binding energy are suppressed
through the Te layers and are no longer detectable for Te capping thicker than 5 u.c.
(30Å). The spectral weight of the pristine Bi2Te3 at ∼ 3 eV is mainly given by the
Te. Apparently, during the deposition of up to 30Å Te capping (1 to 5 u.c.; yellow,
green, and cyan curve) the region at ≳ 3 eV is more and more dominated by the
metallic Te bands. Finally, the spectra for 30Å (5 u.c.), 60Å (10 u.c.), and 120Å
(20 u.c.) are essentially identical and solely determined by elemental Te.
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Figure 6.10: In situ sheet resistance measurements of the pristine and capped 20QL
thin Bi2Te3 film. The temperature dependent cool-down and warm-up curves are
shown for the pristine Bi2Te3 (blue and red) and the film capped with 12 nm Te
(violet and orange), respectively. The triangles indicate the room temperature sheet
resistance values for Te cappings of different thicknesses. The black crossed circle
displays the room temperature value of the sheet resistance after the removal of the
capping layer by thermal desorption at 220○C. The inset displays the sheet resistance
versus the Te capping layer thickness taken at room temperature.
Having the ability of executing temperature depended resistance experiments in
situ, the impact of the capping on the electrical conductivity of the pristine Bi2Te3
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film can directly be measured and quantified. Resistance measurements were con-
ducted after each step of Te deposition. The results of these experiments are shown
in Fig. 6.10. The temperature dependence of the sheet resistance was measured for
the pristine Bi2Te3 (blue and red curves) and for the film fully capped with 12 nm
(20 u.c.) Te (violet and orange curves). For the intermediate Te thicknesses only the
room temperature sheet resistance values were determined (triangles). The pristine
Bi2Te3 film displays the known metallic-like behavior over the entire temperature
range without any sign of degradation of the contacts or film quality during the
temperature cycle, cf. chapter 4. Upon deposition of the Te layers the room tem-
perature resistance decreases gradually from 1000W to 800W. The reduction of the
sheet resistance vs. Te thickness is shown in the inset of Fig. 6.10. Remarkably, the
resistance saturates at about 800W for Te thicknesses above 10 u.c. (6 nm). Only
little deviation of a few Ohms have been measured upon going from 10 u.c. to 20 u.c..
Nevertheless, the temperature dependent behavior of the Bi2Te3 film remains metal-
lic after capping with 12 nm Te (violet and orange curve).
Just considering the transport measurements the half-metallic Te might not be
ideal at first glance. However, the observed changes in resistance cannot solely
attributed to a simple parallel conductivity due to a thin slab of Te with bulk-like
properties. The specific bulk resistivity parallel to the c-axis at 20℃ is ρ⊥=1.5mΩm
[155, 156], giving a sheet resistance of ∼ 250 kW for a 12 nm thick Te layer. This con-
tribution of the capping to the reduction of the overall electrical resistance of the
Bi2Te3 film would not be more than a few Ohms.
One possible explanation for the unexpected high reduction of the resistance is
the adjacent Bi2Te3 film, either via the strain caused by the mismatch of 1.6% to
Bi2Te3, via a or polarizability exerted [157]. This might influence the properties of
the Te layers closest to the interface in such a way that those layers become much
more conducting than bulk Te. The fact that the sheet resistance drop from 6nm to
12 nm is only a few Ohms, which fits well within the expectations for an additional
6 nm Te slab with bulk properties, indicates that this effect is limited to within
a few nm from the Te–Bi2Te3 interface. Based on the ARPES spectra, which is
not providing any evidence for shifts of the Fermi level due to the Te capping, the
Bi2Te3 sheet resistance can be assumed to remain ≈1 kW at room temperature and
460W at 14K. Consequently, the parallel shunt by the first ∼ 6 nm Te provides about
≈ 3.8 kW at room temperature, and ≈ 1.8 kW at 14K, respectively. This lower shunt
resistance at lower temperature also represents a deviation of the first Te layers from
the semi-metallic behavior of the bulk material.
Another possibility for the reduction of the sheet resistance could be suspected
due to the minor measurement uncertainties of the ARPES technique. In the present
case, this could be particularly caused by the increased scattering of photoelectrons
at the Te overlayer. The experimental error in the determination of the Dirac point,
especially when performing ARPES at room temperature, can be estimated to about
85
6 Protective capping of bulk-insulating Bi2Te3 thin films
about 10–15meV; cf. Fig. 6.9 and section 6.2.2. Therefore, slight variations of the
topological charge carrier concentration cannot be precluded. The Dirac point of
the pristine Bi2Te3 surface is located at −130meV, see Fig. 6.9(a). From Eqn. 1.7,
the increased filling of the Dirac cone, caused by an upward shift of the chemical
potential of ∼ 10meV, would create about 15% more charge carriers originating from
the topological states. Due to the increased conductivity arising from these 15% ad-
ditional charges, the reduction of the initial Bi2Te3 sheet resistance of ∼ 1 kW can be
estimated to ∼ 870W. A maximum uncertainty of approximately 15meV could even
cause 23% more charge carriers and a resulting sheet resistance of ∼ 810W, respec-
tively. These values are close to the observed experimental results on the Te capped
Bi2Te3 sample, cf. Fig. 6.10. Furthermore, this assumption is not inconsistent with
the fact that the sheet resistance of Bi2Te3 with 10 u.c. and 20 u.c. Te capping shows
only slight variations.
Apparently, several factors contribute to, or rather influence, the sheet resistance
reduction of the Bi2Te3 sample upon Te capping. To determine the exact origin of
the observed changes of the sheet resistance further experiments need to be carried
out. Nonetheless, based on the ARPES spectra, which show only the topological
surface states intersecting the Fermi level, it is more than likely that the electrical
conductivity of the Bi2Te3 with capping is still primarily dominated by the intrinsic
surface states.
6.2.3 De-capping of Te
The experimental results presented above demonstrate that epitaxially grown Te
affects the Bi2Te3 surface properties only marginally; especially the Fermi level re-
mains located inside the bulk band gap. For further extensive surface-sensitive
characterizations of the TI properties specific experimental techniques are required,
e.g. STM or ARPES at synchrotron facilities. In most cases these are dedicated
machines which can not be easily combined with a MBE chamber for TI growth.
Therefore, an ideal capping material has not only to protect the TI from any con-
tamination during transfer, capping also needs to be removable, hereby restoring
the pristine sample properties.
The observation that the Te capping does not affect the surface states and core
levels of the Bi2Te3 surface, cf. Fig. 6.8 and 6.9, indicates that no chemical reaction
at the Bi2Te3 –Te interface occurs, suggesting that the Te capping layer should be
removable by physical means.
In order to examine wether the Te can be thermally desorbed, the 20QL Bi2Te3
film previously capped with 12 nm Te, was gradually heated up and the changes
of the morphology were simultaneously monitored by RHEED. The substrate/film
temperature was first ramped to 180℃, this is roughly the Te evaporation tem-
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Capping with Te: KH122 removal of Te 
12min@ 200°C + 20 u.c. Te 10min@ 210°C 10min@ 220°C pristine film 
Figure 6.11: Evolution of the RHEED pattern while thermal desorption of the Te
capping layer. For comparison the RHEED image of the pristine Bi2Te3 before
capping is shown.
perature for a flux rate of 1Å/min, and then increased in steps of 10K, with an
annealing time of at least 5min at each step. Figure 6.11 displays the RHEED pat-
tern at selected temperatures of the thermal treatment. The first image shows the
Bi2Te3 film fully capped with 12 nm (20 u.c.) Te, the extra streaks and some spots
(roughening surface morphology at this thickness) which originate from the Te are
clearly visible. At 200℃, the RHEED pattern starts to display changes. The extra
spots disappear and the intensity of streaks increases compared to the background,
indicating a smoothing of the Te surface. This quality improvement of the Te cap-
ping layer can either be caused by the increased surface mobility of the Te atoms at
200℃, leading to an annealing of the film, or by the onset of the Te re-evaporation.
Since the RHEED pattern did not show any further changes, the temperature was
increased to 210℃. At this temperature the Te RHEED streaks start to vanish.
Apparently, the Te capping is desorbing, leaving behind fragments and islands of
the Te. For a complete removal of the Te, the sample was heated up to 220℃ for
10min. The comparison to the pristine Bi2Te3 film clearly demonstrates that the
original RHEED pattern is completely recovered, not displaying any additional Te
features anymore.
The spectroscopic results of XPS (a) and ARPES (b) of the Te de-caped film
(black curves) in comparison to the Bi2Te3 film in its pristine state (red curves) are
shown in Fig. 6.12. The Te 3d and Bi 4f XPS core level spectra demonstrate the
complete desorption of the Te capping, as evidenced by the absence of the metallic
Te peaks at 573 eV and 583 eV, respectively, and the restored Bi 4f peak intensity.
Furthermore, the core level line shapes are not altered compared to the pristine state
of the sample, which indicates that no changes of the stoichiometry, i.e. no Te loss,
occurred. ARPES, which is much more sensitive to any kind of surface modifica-
tions than XPS, clearly shows that all features of the pristine Bi2Te3 film are fully
restored. The restored high contrast of the band structure features relative to the
background, and in particular the unaffected position of the Fermi level crossing of
the topological surface states, indicate no visible changes of the stoichiometry nor
morphology, e.g. roughening of the Bi2Te3 surface, after removal of the Te at 220℃,
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 chemical potential not shifted / Rsheet restored 
 returning high contrast in ARPES  
⇒ no modification of surface morphology  
 XPS: full removal; no changes in stoichiometry  
Capping with Te: KH122 removal of Te 
Μ Γ  − − − Μ Μ Γ  − − − Μ 
pristine Te removed 10min @ max. 220°C (a) (b) 
Figure 6.12: (a) XPS core level and (b) ARPES spectra (including the intensity
profile at Γ̄) of the Bi2Te3 film after de-capping of 12 nm Te in comparison to its
pristine surface conditions.
as reported earlier [149–152]. This is further supported by the intensity profile at
the Γ̄-point; right panel of Fig. 6.12. More importantly, the room temperature sheet
resistance after Te removal, shown by the black crossed circle in Fig. 6.10, is almost
identical to its value prior to capping of this sample.
The obtained experimental results upon in situ capping and de-capping of the
Bi2Te3 thin film with epitaxially grown elemental Te demonstrates that the Te over-
layer has only minor effects on the TI properties (slight reduction in resistance).
Importantly, the Fermi level is located inside the bulk band gap at any time, with
only slight variations of the chemical potential of a few meV. Consequently, the
conductivity remains dominated by the topological surface states. Moreover, the Te
capping is removable residue-free, hereby restoring all the features of the topological
surface states of the sample in its pristine conditions. These findings are particularly
important for the characterization of Bi2Te3 TI samples with surface sensitive tools.
Notably, the actual observations are in contrast to previous studies, which reported
alterations of the surface stoichiometry and morphology after thermal desorption
[150–152], which is possibly related to lower sample quality, i.e. Te vacancies at the
surface.
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6.2.4 Efficiency of Te capping against air exposure
Protection of Bi2Te3 by 12 nm epitaxially grown Te against air exposure
The preceding experiments showed that capping with, and de-capping of, Te suc-
cessfully preserves the topological surface properties of bulk insulating Bi2Te3 thin
films. However, these experiments were entirely done in situ in ultra-high vacuum.
In the next step it will be investigated whether epitaxially grown Te capping is also
capable to protect Bi2Te3 against degradation upon exposure to an ambient envi-
ronment, and whether the capping is still removable, restoring the pristine surface
conditions.
For this experiment a 15QL Bi2Te3 sample was capped with 12 nm Te and exposed
to air for 5min. The Te was deposited with 1Å/min with the Bi2Te3 kept at room
temperature, resulting in an epitaxial multi-domain growth such as shown in Fig. 6.7.
To ensure the high quality of the capping and the unaffectedness of the topological
surface states, the capping was applied in steps of 1, 2, 5, 10, and 20 u.c., and
the properties were monitored by RHEED, LEED and PES after each step. The
exposing duration to air was set to 5min, which is a reasonable time to transfer the
sample to an inert atmosphere, e.g. Ar box or portable UHV suit case. Subsequently,
the sample was introduced back into the Load Lock of the MBE chamber which was
pumped to UHV conditions over night, before moving the sample into the MBE
chamber for conducting the de-capping procedure.
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Figure 6.13: XPS wide scan and core level spectra of the Bi2Te3 film covered with
12 nm Te (orange) before and after 5min air exposure (blue). The inset shows a
zoom-in into the energy range where typical contaminations like oxygen (∼532 eV)
and carbon (∼285 eV) are expected.
Figure 6.13 displays the XPS wide scan (left) and the Te 3d core level (right) of
the 15QL Bi2Te3 film capped with 20 u.c. (12 nm) Te before (orange) after 5min
air exposure (blue). These spectra are normalized to the Te 3d5/2 peak. The Bi 4f
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R □(@RT)= 1280Ω 
LEED done 
R□(@RT)= 1424Ω 
20ML Te, 5min air ⇒ R □(@RT)= 1085Ω 
KH111 Bi2Te3 on BaF2 (111); 15QL Capping with Te (20ML with 1Å/min): 
Protection against air (5min) 
Μ Γ  − − − Μ Μ Γ  − − − Μ 
Te removed 
10min @ max. 215°C pristine (a) (b) 
Figure 6.14: (a) Core level XPS and (b) ARPES spectra of the air-exposed sample
after de-capping in comparison to pristine Bi2Te3 surface. It should be noted that
the slight shift of the chemical potential seen in the ARPES spectra is caused by a
LEED measurement done on the Bi2Te3 film covered with 1 u.c. Te.
core levels are not shown since these are fully suppressed by the Te overlayer. After
exposing the sample to air two tiny contamination peaks at ∼532/533 eV and ∼ 285 eV
appeared, which can be assigned to oxygen (O1s) and carbon (C1s), respectively.
The binding energies of the peaks indicate the formation of OH−/H2O for the oxygen
which is related to moisture in the air. Carbon at ∼ 285 eV can be attributed to
adventitious carbon usually found on the surfaces of air-exposed samples. This thin
carbon layer comprises a variety of mainly hydrocarbon species (C−C, C−H) as well
as carbonates (C−O, C=O) at a binding energy in the range of 286 – 290 eV. In the
present case the narrow peak at ∼ 285 eV indicates solely the detection of the C−C
component. Carbonates, if present, are below the experimental limit and can not be
resolved from the background noise. The high resolution Te 3d levels (50meV step
size) do not display any changes after 5min air exposure and ∼ 12 hours in the UHV
neither in their energy position nor in amplitude. Apparently, within the achievable
experimental accuracy, the oxygen and carbon contaminations do not chemically
react with the Te within this time of air exposure [141].
The Te de-capping was carried out by heating the sample in the MBE chamber,
while monitoring the changes of the RHEED pattern; after 10min at 215℃ the fea-
tures of the pristine Bi2Te3 were recovered. The spectroscopic results after removal
of the Te capping are shown in Fig. 6.14. The Te 3d and Bi 4f XPS core level lines
prior (red curve) and after de-capping (black curve) clearly display that even after
exposure to air for 5min the Te overlayer is completely removable, without the oc-
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currence of chemical reactions with the Bi2Te3 surface or the formation of persisting
tellurium oxides (TeOx), see Fig. 6.14(a).
The ARPES spectrum taken along the Γ̄ − M̄ direction after de-capping reveals
that the sample surface exhibits essentially the same properties as the pristine Bi2Te3
film. The high contrast of the features intensity with respect to the background is
restored and the topological surface states are clearly resolved. It should be men-
tioned that the remaining upward-shift of the chemical potential of ∼ 20meV can
be explained by the fact that this sample was investigated by LEED after the de-
position of the first u.c. of Te. Minor changes in the electronic structure, induced
by the electron bombardment during LEED, have been observed on several Bi2Te3
samples characterized in this thesis. The negative effect of the LEED could also
be quantified by transport measurements performed at room temperature. As ob-
served for the 20QL Bi2Te3 film presented in Fig. 6.10, with the deposition of the
first layer of Te the sheet resistance was slightly lowered from 1370W to 1330W.
Conductivity measurements performed subsequently to the LEED experiment with
56 eV electron energy, reveal a remarkable reduction of the sheet resistance by ∼ 85W
(R1u.c. Te◻ = 1250W). Upon deposition of the residual Te layers the sheet resistance
behaves accordingly to the results of Fig. 6.10. Furthermore, after de-capping the
sheet resistance raised to 1280W, which is a reasonable value taking into account
the persisting effects arising from the LEED. Beside the probably obvious affect of
the electron bombardment on the Bi2Te3 surface, although low electron energies of
≲ 60 eV have been used, residual degassing of the LEED filament (2.8A) might be
another source of the observed upward-shift of the chemical potential.
Nonetheless, the obtained results demonstrate that epitaxially grown Te capping
is leakproof against ambient contaminants (at least for brief exposures), i.e. the
number of cracks and/or pinholes in the Te layer are apparently negligible. These
observations are also facilitated by the fact that pure Te films are rather inert against
oxidation. Earlier studies on Te films and bulk material report that even air exposure
for a longer duration may not necessarily result in the formation of TeO2 [141]. The
effect of such an oxidation layer will be discussed in detail in the next section of the
chapter.
Based on these findings, it is evident that Te indeed is ideally suited to protect
and preserve the specific nontrivial characteristics of the surface states of bulk insu-
lating Bi2Te3 films against degradation arising from contaminations and reactions
at ambient atmosphere.
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Effect of prolonged air exposure on a Te capping with disordered structure
In the previous section the applicability of epitaxially grown elemental Te, protect-
ing the Bi2Te3 properties against negative effects arising from short air exposure,
could be demonstrated. Here, the effect of prolonged air exposure on the Te capping
and in particular the underlying Bi2Te3 film is investigated.
For this experiment the 15QL Bi2Te3 thin film, which was capped by 12 nm Te
and successfully de-capped after short air exposure was used again. To ensure a fully
closed capping, it was decided to grow a thicker (60 nm) Te overlayer. At the same
time the Te flux rate was increased to conduct the capping in a reasonable time
scale. However, it turns out, that this results in the formation of poly-crystalline Te
films. Thus, the results obtained here are not comparable to the previously presented
ones. Nevertheless, these outcomes facilitate in this case comparison with findings
of other groups using amorphous capping, but this time on intrinsically insulating
Bi2Te3 films.
The Te was deposited with a rate of 8Å/min, while the sample was kept at room
temperature. The complete 60 nm Te (100 u.c.) were grown in one step, only moni-
tored by RHEED. This thickness was chosen to ensure a complete coverage of the
Bi2Te3 despite its high surface roughness. Further characterization at different Te
thicknesses was not done. The capped sample was exposed to air for 24 hours, intro-
duced back into the UHV chamber, and subsequently the Te capping was removed
as described before.KH111 Bi2Te3 on BaF2 (111); 15QL 
RHEED (17.5kV; 1.5A); Te capping (20ML/100ML) @ RT and removal 
 higher growth rate ⇒ poly-crystalline 
 Oxygen/H2O on capping layer 
 ⇒ formation of TeOx after 24h 
~40 Å (~7 u.c. Te) „pristine“ ~200 Å (~33 u.c. Te) ~600 Å (~100 u.c. Te) 
(8.2Å/min) 
Figure 6.15: Evolution of the RHEED pattern while deposition of Te using a higher
flux rate of 8Å/min. The term “pristine” refers to the sample left by the previous
experiment.
The RHEED pattern taken at selected stages of the Te deposition are shown
in Fig. 6.15. To compensate the intensity reduction during growth and increase
the visibility of the Te features, the “pristine” Bi2Te3 intensity was set to a higher
level compared to Fig. 6.11. Furthermore, the Bi2Te3 films tend to charge up while
performing RHEED at very grazing angles at room temperature. Already after
∼ 7 u.c. of Te the RHEED displays spots along the Te streaks, indicating island
growth due to the insufficient mobility of the large amount of arriving Te ad-atoms.
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Upon further deposition the pattern becomes dominated by islands and a poly-
crystalline structure of the Te layers is clearly visible, as depicted by the ring-like
features in the RHEED images. This observation demonstrates that the high Te
supply rates, typically used by other groups to protect their Bi2Te3 or Bi2Se3, do
not necessarily result in the expected amorphous capping layer. Rather, the Te may
form highly disordered poly-crystalline layers, whose rough surface morphology and
structure is very likely more susceptible to oxidation at ambient conditions compared
to epitaxial layers [141]. The room temperature sheet resistance demonstrates a
reduction from 1280W to 1000W upon applying the 60 nm Te, very similar to the
results obtained from the epitaxially grown Te capping. Hence, it can be speculated
that the chemical potential is still located inside the bulk band gap, although this
is not proven by ARPES in this experiment.
Figure 6.16: XPS wide scan and core level spectra of the Bi2Te3 film covered with
60 nm Te (orange) and the capped sample after being exposed to air for 24 hours.
The inset shows a zoom-in into energy range of the typical contaminants oxygen and
carbon. The Te 3d reveals the formation of a small amount of TeO2.
The XPS wide and Te 3d core level scans of the Bi2Te3 film capped with 60 nm
(100 u.c.) Te (orange curves) and before and after 24 hours air exposure (blue curves)
are shown in Fig. 6.16. As for 5min air exposure, the characteristic contaminants
carbon and oxygen are visible. However, whereas the relative intensity and posi-
tion of the carbon peak, ∼ 0.008 arb. units at 285 eV binding energy is comparable
to only 5min air exposure, the oxygen displays a clear peak. Apparently, the ad-
ventitious carbon immediately forms a layer of a limited thickness by physisorption,
independent of the exposed material. To determine the actual line shape and energy
position, the O 1s peak was measured again with a finer step size of 50meV, plotted
as dark blue curve in the top inset of Fig. 6.16; the wide scans are typically mea-
sured with a step size of 250meV. In contrast to the previous experiment, where the
oxygen was attributed to moisture (H2O/OH−, 532 eV), the peak position at 530 eV
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binding energy arises from oxides. The chemical reaction of oxygen/water in the air
with the Te surface is manifested by the small side peaks appearing at 3 eV higher
binding energy in the Te 3d region, which can be assigned to TeO2 (576 eV) [140, 141].
It could be expected that despite the oxidation of Te at the surface the proper-
ties of the deeply covered Bi2Te3 topological surface may not be affected. This is
supported by the publication by Musket [141], who observed that the TeO2 layer
forming at air is actually limited to a few nm, protecting the Te underneath from
continued oxidation.
To test whether this is also the case for the sample capped with poly-crystalline
Te, the same de-capping procedure as before was executed. The results observed by
RHEED and ARPES are shown in Fig. 6.17. At 200℃ the poly-crystalline rings
disappear, and only the spotty streaks remain. In the previous experiments, the
complete desorption of 20 u.c. Te took about 10min at maximum 220℃. Hence, the
100 u.c. Te would be expected to be removed after about 50min. However, after
annealing the samples for 50min the characteristic Bi2Te3 could not be restored.
Instead, the RHEED image is dominate by the background, with some spots left
over from the original Te pattern. Further heating did not improve the pattern
significantly, see the image at 1.5 hours. Finally, after three hours the experiment
was stopped. The RHEED image only displays background without any visible
pattern, indicating the existence of a highly disordered amorphous surface.
Figure 6.17(b) shows the ARPES spectra after the three hours heat treatment,
and, for comparison, the spectra of the film before the deposition of 100 u.c. Te.
Although the ARPES image is rather blurred, the Bi2Te3 TI features are still un-
ambiguously detectable. Within the experimental error the spectrum displays only
some minor changes in energy, most importantly, the Fermi level remains intersected
exclusively by the topological surface states. Consistently, the room temperature
sheet resistance value raised upon de-capping to 1150W; 130W less than before the
capping.
Apparently, a thin amorphous layer must have formed or remained on the Bi2Te3
surface, which, however, has little impact on the topological properties. XPS core
level spectroscopy was used to gain further information about the sample surface
and the remaining layer. The results for the Te 3d and Bi 4f core level spetra, as
well as the typical contaminants oxygen (O 1s) and carbon (C 1s) are shown in green
in Fig. 6.18.
Whereas the carbon contamination is not detectable any longer after the de-
capping, TeOx is still present on the Bi2Te3 surface, as seen by the strong O 1s
signal and the side peaks of the Te 3d core level. Compared to the oxidized surface
of the metallic Te capping (blue curve), these peaks appear at higher binding en-
ergies, revealing a higher oxidation state of the Te after the de-capping procedure.
Furthermore, the appearing Te peak is characterized by a very broad linewidth,
centered at ∼ 577.5 eV, suggesting the existence of several different tellurium oxide
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6.2 Capping with telluriumCapping with Te (100ML with 8Å/min): 
Protection against air (24h) ⇒ Removal 
KH111 Bi2Te3 on BaF2 (111); 15QL  TeOx stays/becomes worse after decapping 
R  (@RT)= 1279,84Ω R (@RT)= 1141Ω 
Μ Γ  − − − Μ Μ Γ  − − − Μ 
100 u.c. Te @ 200°C 50min @ 215°C 
1.5h @ 215°C 3h @ 215°C 
„pristine“ 
Te removed 
3h @ max. 215°C (a) (b) 
Figure 6.17: Attempt to thermally desorb the poly-crystalline Te after air exposure
for 24 hours. (a) Changes of the RHEED pattern during annealing at 215℃. (b)
ARPES spectra of the “pristine” Bi2Te3 surface before deposition of 60 nm Te and
after removing the air exposed Te capping layer.
configurations. TeO3, TeO4, or Te(OH)6 are reported to appear in this range of
binding energies [141, 158–160]. In contrast to the Te signal, Bi 4f shows only little
deviation from its pristine configuration in the Bi2Te3 film. This observation hints
towards the fact that the TeOx was formed during the oxidation of the elemental
Te capping material (Te metal and TeO2) and not through chemical reactions with
the Bi2Te3 surface. It is reasonable to assume that during the de-capping process
the metal Te desorbs through cracks and holes in the oxidized layer. Thus, instead
of lifting it completely off, the tellurium oxide remains on the sample surface and
further reactions can take place, e.g. reactions with residual moisture on the sur-
face. Hence, the blurry ARPES and RHEED can be explained by a thin amorphous
tellurium oxide layer. However, since the Bi2Te3 electronic structure is still clearly
detectable by ARPES, this oxide layer is expected to be of very limited thickness, a
few Å only [101].
The experimental results after 24 hours air exposure of a Bi2Te3 film capped with
100 u.c. Te, show the importance of preventing oxidation of the Te metal to ensure
a completely clean Bi2Te3 surface after de-capping. Prolonged exposure to ambient
atmosphere results in the formation of TeO2/TeOx, which can not be re-evaporated
at 220℃; higher temperatures would lead to damage/Te-loss of the Bi2Te3 film. By
sputtering before annealing the sample, this oxide layer might be removable, and
thus allowing the normal thermal desorption procedure [149]. This would require
extra effort since not each UHV system contains sputtering equipment, or it can not
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Figure 6.18: XPS core level spectra of the Bi2Te3 and contaminations of the “pris-
tine” surface (red), after exposing the 60 nm Te capped sample to air for 24 hours
(blue) and upon thermal desorption of the Te (green). The spectra reveal TeOx
left over on the Bi2Te3 surface after the thermal de-capping. The different valence
states of the O 1s peak after de-capping were analyzed using a multi-peak fit (green
dotted lines).
be attached due to limited space. Nevertheless, the experiments also demonstrate
that the leftover tellurium oxide layer has only little influence on the electronic
structure of the Bi2Te3. The Fermi level remains inside the band gap of the TI,
intersected only by the topological surface states.
Consequently, a deliberate oxidation of thin Te layers probably reveals another
suitable capping procedure for TI, which is moreover optical transparent and already
used in tunnel experiments [161]. Further experiments in this direction might be
very interesting.
Based only on the performed experiments it can not unequivocally stated, that
epitaxially grown Te is the better choice for capping Bi2Te3 for ex situ experiments
compared to poly-crystalline Te. The time span involved in both experiments differ
to much; the epitaxial Te was exposed to air only for 5min, whereas the poly-
crystalline Te was exposed for 24 hours. Repeated experiments for clarifying results
are underway. However, epitaxial films in general are less susceptible to oxidation
and reactions, due to the better surface quality (smoother and smaller surface area)
and less defects. Furthermore, a very recent study on epitaxial Te also concludes
that capping Bi2Te3 with epitaxial Te is favorable over poly-crystalline/amorphous
Te [152, 162, 163]. The authors, as well as other groups, observed problems with the
stoichiometry of the TI film after thermal desorption in the case of non-epitaxial Te
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and Se capping, even without previous air exposure [150, 151]. However, this could
also be related to a lower sample quality, e.g. Te or Se vacancies.
In conclusion, the results obtained from complementary experiments confirm that
elemental Te is an ideal capping material to protect the topological surface states of
intrinsically insulating Bi2Te3 thin films. Angle-resolved photoemission established
that the band dispersion and Fermi level position of the surface states remain es-
sentially unaffected by the Te capping. In situ four point contact measurements
verified that the electrical resistance of the TI surface states can still be clearly de-
tected through the capping. Moreover, the Te capping is easily removable by thermal
annealing in vacuum at 220℃, thereby restoring the Bi2Te3 surface in its pristine
state. More importantly, a successful de-capping could also be accomplished after
exposing the sample to air for several minutes. ARPES of the de-capped sample
does not show any significant shift of the Fermi level compared to the pristine TI
film. This demonstrates that the Te capping does indeed protect the Bi2Te3 surface
against the influence of ambient conditions.
It should be noted that a complete thermal removal of the Te can only be achieved
if no oxidation layer on the elemental Te has formed because this cannot desorbed
at reasonable temperatures. However, the deeply covered Bi2Te3 topological surface
states are not affected even during prolonged ex situ experiments. In this con-
text, there are strong indications that epitaxially grown Te is favorable over the
amorphous/poly-crystalline structure. Nevertheless, a remaining thin TeOx layer at
the Bi2Te3 surface shows an only minor influence on the band dispersion of the sur-
face states; perhaps this is another potential capping material with special properties
as well.
The results presented in this chapter will enable a wide range of well-defined and
reliable ex situ as well as surface/interface sensitive experiments taking advantage
of the Bi2Te3 surface states with nontrivial topology.
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7 Conclusion and outlook
Within the scope of this thesis the intrinsic surface transport properties of thin films
of the topological insulator Bi2Te3 could be revealed. Distinct progress in sample
quality and reliability could be achieved by all-in situ experiments using a combina-
tion of high-quality MBE growth, structural characterization, thickness-depended
ARPES and temperature dependent four-point probe conductivity measurements,
performed entirely under, and without breaking, UHV conditions. This way the in-
tegrity of the topological surface states is preserved and reliable experimental results
become possible.
An optimized 2-step MBE growth procedure was established, resulting in low-
defective, bulk-insulating and single-domain Bi2Te3 thin films without the need of
counter-doping. Hereby, the key factors are a full distillation of the Te and the usage
of substrates with negligible lattice mismatch, namely BaF2 (111). The Bi2Te3 films
grow in the 2D layer-by-layer mode, thus displaying a very smooth and flat surface
morphology. It should be noted that, as a result of the van der Waals epitaxy, Bi2Te3
can also be grown epitaxially on highly mismatched substrates, i.e. Al2O3 (0001),
however, the occurrence of rotated domains is hardly controllable on these kind of
substrates.
ARPES proved the position of the Fermi level to lie well within the bulk band gap,
only intersected by the topological surface states, which display the characteristic
linear dispersion. The ARPES experiments have been carried out at room tempera-
ture in order to also investigate whether the conduction band is thermally occupied
at room temperature. The finding is that the chemical potential is sufficiently far
below the conduction band that such a thermal population is negligible.
The designed transport setup allow to establish mechanically stable, reproducible
in situ contacts to the Bi2Te3 samples such that four-point conductivity measure-
ments could be performed in the temperature range from 14K to room temperature.
Ohmic behavior indicates the high quality of the contacts. Each Bi2Te3 sample was
checked prior and after the in situ transport measurements to exclude any kind of
deterioration during the temperature cycle.
A metallic-like temperature dependence of the sheet resistance is observed from
the in situ transport experiments. The thickness-dependent measurements indicate
that the conductivity of these TI films is indeed dominated by the surface states.
Upon going from 10 to 50QL the sheet resistance displays a variation of a factor
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1.3 at 14K and 1.5 at room temperature. However, the sheet resistance is practi-
cally constant for thicknesses > 20 – 30QL, which suggests that possibly some minute
amounts of defects may have been incorporated during the initial stages of the Bi2Te3
film growth. The thicker films display some deviations from the expected linear R -T
behavior at higher temperatures. In this regard and for a better data analysis, the
fabrication and characterization of more samples, covering a wider thickness range
(thinner and thicker), is necessary.
Low charge carrier concentrations in the range of 2–4⋅1012 cm−2 with high mobility
values up to 4600 cm2/Vs could be achieved for the prepared bulk-insulating Bi2Te3
films. These results were deduced from the ARPES measurements, which is indeed
a very surface sensitive tool. Thus, it is planned to upgrade the in situ conductivity
setup to facilitate in situ Hall experiments simultaneously.
Further on, the degradation effect of adsorbents on the surface properties of
the topological insulators after exposure to ambient atmosphere was quantified by
ARPES and resistance measurements. It could be observed that already traces of
contaminants covering much less than 1% of the surface, are sufficient to cause a
shift of the chemical potential by ∼ 50meV, out of the band gap into the bottom of
the bulk conduction band. As a result, the conductivity increases and is no longer
determined by the topological surface states alone. This emphasizes the importance
of carrying out these kind of experiments under UHV conditions. Alternatively,
there is a need to find appropriate capping layers, which can preserve the Dirac
surface states and the chemical potential so that their unique topological properties
can be revealed by other measurements in devices under ambient conditions.
In this regard, elemental epitaxially grown Te could be identified to meet these
requirements. Angle-resolved photoemission established that the band dispersion
and Fermi level position of the surface states remains essentially unaffected by the
Te capping. The in situ four point contact measurements verified that the electrical
properties of the surface states are still clearly and directly detectable, despite the
presence of the capping. Moreover, the Te capping is completely removable by
thermal annealing in vacuum, thereby restoring the Bi2Te3 surface in its pristine
state. More importantly, a successful de-capping could also be accomplished after
exposing the sample to air for several minutes, demonstrating that the Te capping
does indeed protect the Bi2Te3 surface against the influence of ambient conditions.
Upon exposure to ambient conditions, however, the formation of an oxidation
layer of TeO2 needs to be prevented. Such an oxide layer is not removable at rea-
sonable temperatures and thus persists on the Bi2Te3 surface. Yet, ARPES and
transport measurements display only minor effects of the remaining TeOx layer on
the Bi2Te3 properties. This observation suggests that the controlled oxidation of
elemental Te might lead to a suitable capping material as well.
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The findings achieved during the work of this thesis will enable a wide range of
well-defined and reliable ex situ as well as surface/interface sensitive experiments on
intrinsically insulating TI. Especially transport experiments at high magnetic fields
are highly desirable to determine the quantum oscillations (Shubnikov-de Haas and
Aharonov-Bohm oscillations) arising from the surface Dirac fermions on high mo-
bility samples [60, 73, 164], without contributions from the TI bulk states. Further-
more, TIs display the weak antilocalization effect (WAL), which has been extensively
studied in recent years [73, 165]. However, the magnetoresistance (MR) effect pro-
posed for TI, with their zero gap and linear Dirac dispersion, is also expected to be
linear, giant, and temperature-independent, which is ideal for practical applications
in magnetoelectronic sensors such as disk reading heads or mechatronics [166]. This
linear magnetoresistance, as well as weak localization effects arising from the bulk
states, are less well investigated and understood [166–168].
Moreover, the acquired knowledge might open the way to prepare devices and
hetero-structures which can exploit the intrinsic topological properties of the Dirac
surface states. For instance, interfaces with superconductors to create so-called Ma-
jorana fermions [1, 169] are promising for potential quantum computers. Another
very interesting proposal are interfaces with a ferromagnetic (FM) material, e.g.
EuS or EuO. The proximity-induced ferromagnetism introduced this way to the TI
is limited to the surface, while leaving the bulk-states unaffected nor introducing
defects, as it is the case for magnetic bulk doping [170]. As a result, the time-reversal
symmetry is only locally broken as the TI surface, which is essential for introducing a
quantized topological magnetic response [170, 171]. This may be utilized to investi-
gate novel phenomena proposed, such as the anomalous Hall effect [172], the inverse
spin Hall effect [173], the magnetic monopole [174], the topological magnetoelectric
effect [175, 176], or the realization of TI based high-efficient tunneling magnetoresis-
tance devices [177], to name a few. In particular the last one is of practical interest,
since these structures can furthermore be used to measure the spin polarization of
the topological surface states as an alternative to spin-resolved ARPES [177]. In
the present UHV system such interfaces are actually relatively easy experimental
accessible, since high-quality EuO and Fe3O4 thin films can be grown in the second
MBE chamber attached to the present UHV system, which allows the fabrication of
Bi2Te3–FM bilayers with contamination-free interfaces of high quality [115, 178].
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